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Neutrophilic granulocytes comprise one of the cell systems 
in the body which undergo continual renewal. These granulo­
cytes are produced by "che bone marrow from which they are re­
leased into peripheral blood circulation. Granulocytes are 
also constantly leaving the circulation by diapedesis through 
small blood vessel walls into tissue in which they die. Sabin 
et al. (1925) stated, "The fact that there is a fairly constant 
number of white cells in a cubic millimeter of blood, and that 
there are variations of this number, characteristic of differ­
ent types of disease, has become common medical knowledge since 
the methods for counting blood cells were introduced. There 
is indeed nothing in the entire animal economy more amazing 
than the fact that from hour to hour and from day to day, the 
number of white cells remains so remarkably constant. It is 
wholly obvious that the mechanism involved in the maintenance 
of this remarkable condition must be one of great importance." 
It has long been known that neutrophilic granulocytes, 
which enter injured tissues in massive numbers, comprise one 
of the various natural body defense mechanisms. The kinetic 
mechanisms whereby circulating granulocyte numbers and concen­
tration are maintained in health and are altered in disease 
have been a subject of research for many years. It has been 
shown in man and other animals thac granulocytes are distrib­
uted in various pools throughout the body (Athens et , 1961b, 
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Gaylor et , 1969; Haab et , 1964). Total blood granulo­
cyte pool (TBGP) is comprised of two subpools, the circulating 
granulocyte pool (CGP) and the marginal granulocyte pool (MGP); 
the latter includes those neutrophils which are sequestered 
in capillary beds throughout the body. The CGP contains those 
neutrophils which are circulating, and which are counted in 
routine total leukocyte counts on peripheral blood. The two 
pools, CGP and MGP, vary in relative size and proportion de­
pending on the physiologic or pathologic state of the body. 
The movement of neutrophilic granulocytes from bone marrow 
into peripheral blood and finally into tissue is normally 
under steady-state control or balance. Bone marrow production 
and maturation of neutrophilic granulocytes, i.e., granulo­
poiesis, are also in steady state balance under normal con­
ditions. Therefore, the changes in granulocyte numbers ob­
served in routine hematologic examination in disease, i.e., 
changes in CGP, are brought about by alteration of neutrophil 
kinetics. That is, change in size or proportion in CGP and 
MGP, increase or decrease in the rate of movement into tissue 
and increase or decrease in the rate of granulopoiesis may all 
contribute to variations which the clinical hematologist seeks 
to interpret. 
The objectives of this research were to determine param­
eters of neutrophilic granulocyte kinetics in cats. TBGP, 
CGP, MGP, half-life of neutrophils in peripheral blood and 
granulocyte turnover rate, i.e., the number of neutrophils 
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replaced in peripheral "blood per unit time, were determined 
with the first of two experimental approaches. These param­
eters were determined by in vitro labeling of granulocytes 
with tritiated diisopropylfluorophosphate, infusion of the 
labeled cells into cats and determination of specific activity 
of cells reisolated from the cats at selected times during a 
24-hour period. These parameters were determined in hemato-
logically normal cats, in cats with experimentally induced 
blood dyscrasias and in cats with naturally occurring blood 
dyscrasias. 
Neutrophil maturation time and mean transit time of each 
morphologic compartment of granulopoiesis were estimated with 
the second experimental approach. These parameters were deter­
mined by vivo pulse labeling of granulocyte precursors with 
tritiated thymidine and subsequent serial bone marrow and blood 
sampling for 5 days. Microautoradiographs were prepared from 
the bone marrow and blood smears. Data relating the progress 
of the label through the catenated compartments of granulocyte 
precursors in the bone marrow and the appearance of labeled 
neutrophils in the blood, versus time, were compared with that 
obtained with a hypothetical model of granulopoiesis. The 
comparison, with the aid of an analog computer, led to an 
estimation of the kinetic parameters of granulopoiesis. These 
parameters were estimated in hematologically normal cats and 
in cats with an experimentally induced and naturally occurring 
blood dyscrasias. 
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Cats are being used to great advantage in research on 
leukemia (Jarrett er al., 1969; Owen, 1969) which demonstrates 
their potential as models for human blood dyscrasias. Fur­
thermore, the blood dysorasia in feline infectious enteritis, 
characterized by neutropenia, requires clarification as exem-
emplified by the finding that neutropenia does not occur in 
germ-free cats given the panleukopenia virus (Johnson et aJ.., 
1967). The parameters of neutrophil kinetics in cats were 
determined in this research. The basic knowledge to be gained 
and technological approaches developed in studying neutrophil 
kinetics in cats should lead to better understanding of under­
lying pathogenesis of blood dyscrasias in all species. 
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REVIEW OF LITERATURE 
The neutrophilic granulocyte is known to play an important 
role in the natural defenses of the body. The dynamic aspects 
of the life span and function of this cell have stimulated 
much interest and research in the last $0 or 60 years. Among 
the areas of study have been the production of granulocytes 
in the bone marrow, the characteristics of the granulocyte 
sojourn in peripheral blood, and the nature of the function 
of granulocytes in injured tissue. The kinetic aspects of 
the tissue phase of the granulocyte life span have not been 
clearly defined except for the suggestion that, once having 
left the circulation and entered either normal or injured 
tissue, granulocytes do not return to the blood (Bierman et 
al., 1952; Moxley et , 1965; Walker et al., 1964; Mauer 
et al., 1959). Neutrophil function and other aspects of the 
tissue phase will not be considered further. The kinetic 
parameters from bone marrow production to disappearance from 
circulating blood have been studied in detail and will be 
covered in this review. 
Kinetics of Granulopoiesis 
Cell population kinetics 
The term population is used to refer to any group of 
cells of one or more types which can be defined as to its 
extent in space and time (Cleaver, 196?). The tissues of the 
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body are composed of many populations of cells with differing 
life spans and capacities for repopulation. Leblond et al. 
(1959) attempted a simple classification of the tissues of 
the rat on the basis of two parameters: the extent to which 
cells of a tissue incorporate tritiated thymidine (^H-Tdr) 
and the rate at which labeled cells are lost from tissues. 
One category of cell populations which was distinguished from 
their studies was called a renewing cell population. They 
were characterized by maintenance of steady size in the adult 
animal whereby the rate of cell gain equaled the rate of cell 
loss with time. This, then, is referred to as the steady 
state. 
The means whereby precursor cell generations maintain 
the steady state have been the subject of extensive research. 
The average duration from completion of one mitosis to com­
pletion of the following mitosis is referred to as cell cycle 
or generation time (Killmann et , I963). Cleaver (196?) 
has reviewed the research which has led to current knowledge 
of the stages through which cells progress during prolifera­
tion. The cell cycle has been represented as having four 
distinct stages, G^, S, , and M, which occur in that order. 
M and S refer to mitosis and deoxyribonucleic acid (DNA) syn­
thesis respectively, whereas G-, consists of a pre-DNA synthesis 
stage and consists of a pre-mitotic stage. Following a 
cell cycle, daughter cells may enter the G^ stage for a second 
cycle or mature to a nonproliferative cell type. 
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Duration of the cell cycle of a population in tissue 
culture may conveniently be studied by exposing the cells 
to ^H-Tdr. If a brief labeling period is used only the cells 
which are in the S stage incorporate ^H-Tdr and these are 
clearly distinguished as labeled cells in autoradiographs. 
Analysis of data obtained with these techniques has resulted 
in estimation of the duration of the cell cycle and its stages. 
Cells from many tissues have been studied and in general, 
there has been close similarity in the durations of the S, 
Gg and M stages, in contrast to wide variation in durations 
(Cleaver, 196?). Not only does the duration of G^ vary con­
siderably from one cell type to another, but within one par­
ticular system it is the stage in which most of the variation 
between individual cells occurs (Sisken and Moraska, 1965). 
The duration of the S stage, the most frequently measured 
cell cycle stage, has been estimated for granulocyte precur­
sors in some species. This time in normal man was reported 
to be about 13 to l4 hours (Stryckmans et , 1966) and sim­
ilar values were found in human chronic myeloid leukemia cells 
(Vincent et al., I969). Maloney et al. (1962) reported the S 
stage for canine myelocytes to be about 7 hours. However, 
Lala^, who estimated the average duration of each stage of 
the generative cycle in canine granulocyte precursors, reported 
that = 2.5 hours, S = 5*5 hours, Gg = 1 hour, and M = 1 hour 
^The original publication not found. 
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with a cell cycle time of 10 hours (Cleaver, 1967). In like 
manner Lobue £t (1970) reported durations of myelocyte 
cell cycle stages in rats of various ages; they were; S = 6.4, 
M = 0.4 and total cycle time = 10.6 hours in 2 to 3 year olds. 
^H-Tdr, which was introduced by Verly et (1958) and 
Taylor et (1957) as a specific label for DNA, has provided 
a means not only for the detailed analysis of cell cycle dura­
tions, but for kinetic studies of cell populations in animal 
tissues as well. With this aid it has been possible to label 
cells that are synthesizing DNA which permits study of their 
division and their subsequent growth, maturation, function 
and death with great precision. These phases of neutrophilic 
granulocyte life have been studied in detail. 
The bone marrow contains a number of distinct renewal 
systems, each of which is concerned with the production of 
one of the cell types found in peripheral blood. Neutrophilic 
granulopoiesis comprises one of these systems in which all 
stages of growth and maturation, as well as those of the other 
marrow cell renewal systems, are found side by side in the 
bone marrow. Consequently cell structure is the main indica­
tion of the progressive maturation of cells through the vari­
ous compartments of the cell renewal system (Cleaver, I967). 
The granulocyte renewal system 
The morphologic characteristics of each compartment of 
granulopoiesis, i.e., myeloblast, progranulocyte, neutrophilic 
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myelocyte, neutrophilic metamyelocyte, band neutrophil and 
segmented neutrophil are well described (Schalm, 1965» Win-
trobe, 1961). Each cytologically defined compartment in the 
proliferating pool of cells, i.e., myeloblast, progranulocyte, 
and myelocyte, contains one or more cell generations. That 
is, it is possible for cells to complete one or more cell 
cycles before resultant daughter cells are recognizable as 
members of the following compartment (Killmann et al., I963). 
After cells proceed through several generative cycles, cessa­
tion of division eventually occurs and the cells enter the 
nonproliferating pool, i.e., metamyelocyte, band and segmented 
neutrophil. While the ability to divide terminates, matura­
tion continues throughout the remaining morphologic compart­
ments of granulopoiesis. 
Extensive research has been conducted on the kinetics 
of the granulocyte renewal system in order to gain insight 
into the mechanisms whereby neutrophilia, neutropenia, myeloid 
leukemia and other dyscrasias associated with the system may 
be better understood. Therefore recent studies on the kinetic 
aspects of the proliferating pool and the nonproliferating 
pool of granulocyte precursors will be reviewed in greater 
depth. 
The proliferating compartments of granulopoiesis 
A generally accepted view is that a stem cell pool exists, 
the cytologic identity of which is still obscure. In some 
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manner, agents act on cells in this pool to induce the cells 
into various differential pathways, one of which is neutro­
philic granulopoiesis (Cronkite, 1969). The stem cell pool 
is believed to be a self-perpetuating compartment (Cronkite 
and Vincent, 1970; Osgood, 1970; Athens, 1969), i.e., divi­
sion of a stem cell results in one stem cell and one differ­
entiated daughter cell. Osgood (1970) has calculated that a 
stem cell divides once every 96 hours (human) while others 
have shown that the fraction of stem cells preparing to divide 
at any given time, i.e., the fraction in DNA synthesis, is 
small under steady state conditions (Bruce and Meeker, 1965; 
Valeriote et al.., 1966). Yet, as stated by Cronkite and 
Vincent (1970), any proliferating system clearly requires 
a capacity for self-maintenance as well as for production. 
Myeloblasts and progranulocytes are generally believed 
to be the sequential intermediates between the-stes cell and 
the neutrophilic myelocyte (Cronkite and Vincent, 1970; Cron­
kite and Fliedner, 1964). Cells in each of these compartments 
are believed to be morphologically identifiable through one 
cell cycle with resultant daughter cells being immediately, 
or nearly so, identified as members of sequential compartments 
(Killmann et a2., I963). Mean compartment transit time, which 
has been defined as the average time from entrance of a cell 
into a cytologic compartment until it or its progeny leaves 
the compartment (Killmann e^ , 1963) has been estimated to 
be 24 hours for myeloblasts and about 47 hours for progranule-
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cytes in man (Cronkite and Fliedner, 1964). Canine myeloblast 
and progranulocyte transit times have been estimated to be 10 
and 8 hours respectively (Patt and Maloney, 1964). 
The majority of cells in the proliferating pool of granu­
locyte precursors is in the neutrophilic myelocyte compartment. 
Analysis of ^H-Tdr autoradiography data and blood granulocyte 
radioactivity data following vivo labeling with radio­
labeled diisopropylfluorophosphate has led to the current 
concept that at least 3 sequential divisions occur in the 
myelocyte compartment with an approximate compartment transit 
time of 108 hours in man (Cronkite and Vincent, 1970; Athens, 
1969). As cells proceed through the myelocyte compartment, 
cytoplasmic granules become more prominent, nuclei become 
smaller and more mature and ribonucleic acid synthesis de­
clines. Cessation of division apparently occurs as the result 
of a poorly understood cytoplasmic-nuclear interaction and 
the cells enter the nonproliferating pool. It is believed, 
therefore, that maturation places a natural limitation on the 
transit time through the myelocyte compartment (Cronkite and 
Vincent, 1970; Cronkite and Fliedner, 1964). 
Increased granulocyte production, although partially ex­
plainable by increased stem cell input, apparently must be 
accommodated in large part by the myelocyte compartment. Cron­
kite and Vincent (1970) have proposed that increased production 
could be explained by shortening the stage of the myelocyte 
cell cycle, which they have estimated to be 37 hours in normal 
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man, thereby allowing one, or even two additional divisions 
within the myelocyte compartment before cytoplasmic maturation 
products inhibit further division. They stated that two extra 
divisions would only require to be shortened to 9 hours 
and production from the myelocyte compartment could be ex­
panded fourfold without an increased stem cell input. 
Patt and Maloney (1964) observed an overproduction of 
myelocytes in normal dogs; the observation was based on the 
ratio of metamyelocyte influx to myelocyte efflux from ^H-Tdr 
autoradiography data. This observation led them to suggest 
that granulocyte production may be "death-controlled", i.e., 
adjusted by variations in mortality of newly formed myelo­
cytes. They concluded that an appropriate adjustment of the 
balance of "effective" and "ineffective" production of myelo­
cytes could increase the net production of granulocytes by 
more than fivefold. 
Cartwright et al. (1964) and Boggs (196?) postulated that 
myelocytes are to a great extent self-perpetuating, which 
assigns to myelocytes the role of functioning as a "semi-stem 
cell" compartment. They suggested that contribution from 
myeloblasts and progranulocytes would occur only if increased 
cell loss or increased peripheral demand for granulocytes 
occurred; input from these compartments would be insignificant 
in the normal steady state. 
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The nonprollferatIng compartments of granulopoiesis 
Fliedner e;fc (1964a) have studied the appearance of 
labeled granulocytes in the blood following vivo labeling 
of granulocyte precursors with ^H-Tdr in man. The average 
duration from the terminal myelocyte S stage, in which the 
earliest appearing granulocytes could have been labeled, to 
the initial appearance of labeled granulocytes in the blood 
was termed emergence time. They found it was between 96 and 
144 hours in normal individuals, but was shortened to 48 hours 
in individuals with severe Infection. Similar studies in 
normal dogs have shown emergence time to be between 72 and 
96 hours (Patt and Maloney, 1959b) and in a later trial a 
mean time of 102 hours (Maloney and Patt, I968). 
The total transit time through the nonproliferatlng pool 
estimated by Cronkite and Vincent (1970) ranged from 13O hours 
with the use of the data of Donohue e_t (1958) to 152 hours. 
These estimates were similar to the emergence time determina­
tions by Fliedner et (1964a) in normal Individuals men­
tioned previously. Cronkite and Vincent (1970) proposed that 
the 48 hour emergence time Fliedner et al. (1964a) had observed 
In subjects with infection may represent a minimum obligatory 
transit time through the nonproliferatlng compartments. They 
concluded that this may represent the time necessary for matu­
ration to the segmented granulocyte and thereby dictates the 
maximum flux of cells which could be sustained through the 
nonproliferatlng compartments. Furthermore, any demand for 
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a flux greater than this would necessarily be met by an ex­
pansion of the metamyelocyte and band compartments. 
Patt and Maloney (1964) estimated compartment transit 
times for metamyelocytes and bands in dogs to be 20 and 26 
hours respectively. The mean transit time for segmented 
granulocytes in the bone marrow of dogs was 50 hours (Maloney 
and Patt, 1968). 
Evidence has been presented that there exists a post­
mitotic granulocyte reserve of considerable magnitude in the 
bone marrow (Walker ^  , 1962; Walker et a2., I96I; Crad-
dock et , 1956; Osgood, 1954). Cronkite and Vincent (1970) 
have estimated that this reserve in man varies between 3*7 
and 7.2 times the total blood granulocyte pool. 
Little information is available about the chronology of 
events within the granulocyte reserve pool due to the constant 
problem of dilution of bone marrow samples with peripheral 
blood. However, Maloney and Patt (I968) observed, following 
in vivo labeling with ^H-Tdr, that granulocytes bearing the 
heaviest label appeared first in the peripheral blood and were 
followed at successively later times by cells bearing progres­
sively less label. They surmised that heavily labeled cells 
originated from terminal myelocyte divisions whereas lightly 
labeled cells originated from earlier granulopoietic genera­
tions; consequently, the label was diluted by subsequent mi­
toses. They concluded that granulocytes follow "first in -
first out" order through the marrow reserve in the normal 
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steady state. Furthermore, the appearance of the labeled cells 
in the peripheral blood was observed to have a relationship 
linear with time which clearly indicated that release from 
the bone marrow is not a simple random process. 
Blood Granulocyte Kinetics 
The compartmentalization of blood granulocytes 
Vejlens (1938) observed the margination of granulocytes 
in areas of the circulation where blood flow is relatively 
slow. This implied that when the axial stream of a large 
vessel is sampled only granulocytes in the freely flowing 
circulation are measured. 
The advent of granulocyte-specific labeling with radio­
active diisopropylfluorophosphate (DFP) (Athens et 8^., 1959a; 
Athens et , 1959b) clearly established the compartmentali-
zation of granulocytes in peripheral blood. When granulocytes 
labeled ^  vitro with DF^^P were autotransfused, only about 
50^ of the labeled granulocytes could be accounted for in the 
circulation at completion of the infusion (Mauer et , 1959; 
Athens et , 196lb). This led to the suggestion that the 
pool in which the labeled cells were distributed was larger 
than the product of blood volume and the circulating granulo­
cyte count. Athens and co-workers concluded that the total 
blood granulocyte pool (TBGP) consisted of two subpools, a 
circulating granulocyte pool (CGP) and an ill-defined marginal 
granulocyte pool (MGP), consisting of cells adherent to the 
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walls of blood vessels in various organs throughout the body. 
Granulocyte turnover in the blood 
The first attempt to quantify neutrophilic granulocyte 
turnover in blood was by Sabin et a2. (1925)• From leukocyte 
counts, differential leukocyte counts and supravital differ­
ential counts they surmised that a significant number of cir­
culating neutrophils was continually dying in the circulation 
and being replaced by young, viable cells from storage re­
serves. They concluded that about one-fifth of the neutro­
phils die within the circulation in 24 hours. 
Further elucidation of the life span of neutrophils was 
attempted with a variety of experimental approaches. ^ vitro 
culture of bone marrow cells (Osgood, 1937)» cross circulation 
between normal and neutropenic animals (Lawrence et , 19^5» 
Van Dyke and Huff, 1951), transfusion of atabrine-tagged cells 
(White, 195^), and leukopheresis (Craddock et , 1955; 
Patt et a%., 1957b) are examples of techniques which have been 
used to characterize the sojourn of neutrophils in peripheral 
blood. The dissimilarity of techniques and species used in 
these studies led to reported values for neutrophil life span 
in circulating blood which varied from minutes (Van Dyke and 
Huff, 1951) to hours (Lawrence ^  , 19^5) and even to days 
(Kline and Cliffton, 1952). 
Granulocyte-specific radio-labeling with DPP has provided 
a means whereby the average half-life of blood granulocytes 
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can be determined with accuracy. DP^ P^-labeled cells dis­
appeared from the circulation at an exponential rate which 
indicated that granulocytes leave the peripheral blood in 
random fashion (Mauer et , i960). The half-life (T§) of 
labeled granulocytes in the blood, calculated from the slope 
of the exponential disappearance curve, was 6.6 hours. The 
suggestion that granulocytes are lost randomly from the blood 
has been substantiated experimentally (Athens et , 196lb; 
Alexanian and Donohue, 1965; Galbraith et , 1965). 
In addition to this random loss, a small loss of granu­
locytes due to senescence, as presumed by Sabin ^  (1925) 
in their attempt to quantify neutrophil turnover, has been 
substantiated. Osgood (1937) demonstrated the fact that neu­
trophilic granulocytes are able to undergo an aging process 
and become pyknotic. Fliedner et (1964b), who observed 
the appearance of labeled cells in the blood following in vivo 
labeling of granulocyte precursors with H-Tdr, found from 
1.5 to 2.5 pyknotic neutrophils per 1000 in their preparations. 
Regardless of the emergence time of labeled granulocytes, 
labeled pyknotic cells always appeared 24 to 36 hours later. 
Furthermore, they observed labeled granulocytes in an extra-
vascular site, the sputum, simultaneous with the appearance 
time in blood. They concluded that granulocytes are lost from 
the blood by at least two routes: (1) random emigration from 
the blood and (2) removal of pyknotic cells, presumably by the 
reticuloendothelial system. 
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The evidence appears to establish, therefore, that the 
transit of granulocytes through the blood is not an orderly 
flow according to age. However, the average half-life of 
blood granulocytes is about 6 to 7 hours. Cartwright et al. 
(196^) stated that "the short span of time which the granulo­
cyte spends in the blood should not be confused with survival 
time or life span of the cell. . . . The granulocyte, which 
carries out most of its functions extravascularly is only in 
transit in the blood on its way to tissues. The short blood 
transit time is only a fraction of the life span of the cell." 
Application of Blood Granulokinetic Studies 
The experimental model used and normal values 
Knowledge gained from blood granulokinetic studies by 
using the DPP labeling techniques has been extensively applied 
to interpret abnormalities in blood granulocyte profiles. 
In order to facilitate clarity in discussion of this knowledge, 
the experimental model used will be briefly outlined. 
Radio-labeled DFP, which is added to a volume of blood, 
selectively labels neutrophils by binding irreversibly to an 
active serine group of a cytoplasmic enzyme (Athens et al., 
1959b). The specific activity (SAInfG) and the number (NoInfG) 
of labeled granulocytes are determined. The blood containing 
the labeled granulocytes is then infused into the experimental 
subject; the time of infusion is referred to as zero time (t^). 
































SAGt^ = specific activity of blood 
granulocytes at zero time 





Hours after infusion of labeled granulocytes 
Figure 1. A model of the blood granulocyte disappearance 
curve obtained following infusion of radio-labeled 
DPP-tagged granulocytes 
24 hours. Granulocyte specific activity, which is determined 
at each sample time, has been found to decrease exponentially; 
therefore, these values are plotted against time on semiloga-
rithmic paper. Extrapolation of the plot back to the ordinate 
gives the specific activity of granulocytes at zero time 
(SAGt^). The granulocyte disappearance curve is represented 
by this plot (Figure 1). The steepness of the slope of this 
curve is an indication of the rapidity with which labeled 
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granulocytes disappear from the blood. The formulae for pool 
sizes are: 
rpRpp _ SAInfG X NoInfG. 
SAGtQ ' 
CGP = circulating granulocyte count at t^ x blood volume; 
MGP = TBGP - CGP. 
The T§ of blood granulocytes, determined from the granulocyte 
disappearance curve, is that time at which one half of the 
SAGtg remains (Figure 1). The formula for granulocyte turnover 
rate (GTR) is: 
GTE = TBGP X (Cartwright et al., 1964). 
T# 
Normal values of blood granulocyte kinetic parameters in 
man and dog reported by Athens and coworkers are summarized 
in Table 1. 
Table 1. Total blood granulocyte pool (TBGP), circulating 
granulocyte pool (CGP), marginal granulocyte pool 
(MGP), half life of blood granulocytes (T&) and 






TBGP X 10^/Kg 70 102 
CGP X lO^/Kg 31 54 
MGP X lO^/Kg 39 48 
Tt (hours) 6.7 5.6 
GTR X 10 "^/Kg/Day 163 305 
^Athens et al., 19$9h. 
^Raab et a2., 1964. 
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Blood granulocyte kinetic parameters In altered states 
Physiologic leukocytosis has been the subject of specu­
lation for many years. Exercise, e.g., is a known cause of 
neutrophilia. Athens et (196la, 196lb) studied the ef­
fects of exercise and epinephrine on granulocyte kinetics 
in subjects in which normal parameters had been determined 
previously. They found the expected Increase in CGP to occur 
at the expense of the MGP while TBGP remained unchanged. GTE 
and T§ also remained normal in these subjects which indicated 
that no increase in the rate of release from marrow reserves 
occurred. The workers concluded that physiologic leukocytosis 
may be explained as a redistribution of cells from the MGP to 
the CGP. 
Adrenal corticosteroids are also known to Increase the 
circulating granulocyte count (Schalm, 1965; Wlntrobe, I96I). 
Athens et a^. (196la) measured granulocyte kinetic parameters 
in 5 normal men. These individuals were then given a daily 
dose of 40 mg of prednisone orally for 11 days. Their cir­
culating granulocyte counts increased by an average of 75% 
by the eighth day and then remained at this elevated value 
until the end of the trial. On the eighth day the kinetic 
parameters were measured again with the assumption that a new 
steady state existed in granulocyte kinetics. The CGP was 
increased an average 76%, the MGP was Increased an average 
53% and the TBGP was increased an average 67% in the five 
subjects. The Ti was prolonged and the combination of in­
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creased TBGP and prolonged T-| resulted in a calculated GTR 
which was not significantly increased. In a review of this 
work, Cronkite and Vincent (1970) suggested that the steroid-
induced increase in TBGP was apparently produced by an in­
crease in marrow release rate (MRR). The MEE exceeded the 
egress of granulocytes from the circulation, resulting in a 
net rise in TBGP. They further surmised that the normal GTE 
indicated that the MEE must have returned to normal by the 
time the new steady state was reached. Maintenance of the 
increased TBGP was apparently accomplished by lengthening the 
sojourn of granulocytes in peripheral blood, i.e., a prolonga­
tion of T§. 
The suggestion that corticosteroids increase the TBGP 
by increasing the MEE was confirmed by Bishop et (I968) 
who infused labeled granulocytes into 9 normal men and 5 to 7 
hours later administered cortisol-phosphate intravenously. 
This produced a sharp rise in circulating granulocytes. During 
the period of this rapid rise there was a corresponding fall 
in granulocyte specific activity indicating that the blood 
granulocyte pool was being diluted by unlabeled cells being 
released from the bone marrow. 
The finding that the sojourn of granulocytes in blood 
was prolonged in the new steady state induced by cortico­
steroids (Athens et , 196la) was examined by Bishop et al. 
(1968). They studied the cellular composition of inflammatory 
exudates in normal subjects with the "open window" technique 
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before and after steroid administration as a means of exam­
ining the effect of such steroids on the egress of granulo­
cytes from the blood. In normal subjects not given steroids, 
exudative cells appeared within one hour after inflammation 
was initiated and reached maximum numbers after six hours; 
3 hours after the inflammation was induced 98^ of the cells 
in the exudate were granulocytes. In subjects given steroid 
the cellularity of exudates was greatly reduced if the ini­
tiation of inflammation was delayed until at least two hours 
after the injection of steroid. Therefore, it was concluded 
that corticosteroids induce an absolute granulocytosis by de­
creasing the rate of egress of cells out of the blood as well 
as by increasing the rate of release from the bone marrow. 
Bacterial endotoxin is known to Induce alteration of the 
blood leukocyte profile (Braude, 1964). Within a few minutes 
after the intravenous injection of a small amount of endotoxin 
in an experimental animal most of the leukocytes disappear 
from the blood stream. Then, approximately four hours after 
endotoxin injection, granulocytes suddenly flood the blood 
stream, raising the leukocyte count to an abnormally high 
level. 
Athens et (196la) used the radioactive labeling tech­
niques described earlier to study the effects of endotoxin 
on granulocyte kinetics. Individuals in which control levels 
of the parameters had been previously determined were studied 
at the low point of their endotoxin-induced neutropenia. TBGP 
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was normal, but a shift of granulocytes from the CGP to the 
MGP had occurred. As the subsequent granulocytosis reached 
a peak, the pool sizes were measured again and a substantial 
increase in TBGP was noted. Furthermore, during the period 
of rising granulocyte count a sharp decline in the slope of 
the granulocyte disappearance curve was noted indicating that 
the labeled pool of cells in the blood was being diluted by 
unlabeled cells entering the blood from marrow reserves. On 
the basis of this, Athens (1969) postulated that the transient 
drop in granulocyte count which occurs after endotoxin admin­
istration is due to an intravascular shift of cells from the 
CGP to the MGP; then the marrow is stimulated in an unexplained 
manner to release large numbers of cells, which increases the 
blood pool size and, therefore, produces the neutrophilia ob­
served after endotoxin administration. 
Athens et (1965) studied granulocyte kinetics in 1? ' 
patients with subacute to chronic infections. TBGP values 
ranged from normal to six times normal mean for humans. The 
blood granulocyte count correlated with observed values for 
TBGP. The proportional distribution of cells between circu­
lating and marginal pools varied considerably but was within 
the values encountered in normal subjects. The T§ remained 
normal to moderately prolonged in all patients with infection. 
When TBGP was enlarged, GTR was also usually increased. Sim­
ilar results were reported by Galbraith et (I965). Cron-
kite and Vincent (1970) state, " . . . in order to account 
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for the prolonged granulocyte half time despite manifest con­
sumption of granulocytes at the site of infection, the conclu­
sion is inescapable that generalized random loss must be cur­
tailed in infection." 
The effect of experimentally-induced infection on granulo­
cyte kinetics in dogs was studied by Marsh et (196?). In­
fection was induced by intratracheal inoculation with Dlplo-
coccus pneumoniae. The parameters were measured during the 
early stage of infection, during the peak clinical stage and 
during the recovery stage. Early in the course of infection 
TBGP remained normal, but as granulocytosis began to develop 
an increased MGP was sometimes found to precede the rise in 
CGP. Ti was decreased early in infection. Therefore, early 
infections were characterized by a rapid egress of cells from 
the blood at a rate greater than the release rate from marrow 
reserves. 
At the peak of the clinical course in these dogs, CGP 
and TBGP were significantly increased whereas the MGP was nor­
mal. Ti had also returned to normal. In the recovery stage 
of infection blood pool sizes were variable and the granulo­
cyte disappearance curves were complex allowing a less precise 
approximation of T%. However, the T-^ was found to be greatly 
prolonged indicating nearly complete cessation of marrow re­
lease during recovery from infection. 
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Response of the bone marrow to peripheral demand for granulo­
cytes 
The nature of the stimuli for release of marrow granulo­
cytes and for increase in granulocyte production is unknown. 
However, a negative feedback mechanism has been proposed 
(Cronkite and Vincent, 1970; Morley and King-Smith, 196?; 
Osgood, 1957). Morley (1966) and Morley and King-Smith (1967) 
studied the peripheral blood granulocyte count of normal human 
individuals which contains periodic random variations about a 
mean value over many days. They suggested that a negative 
feedback controls the granulopoietic rate. As stated by Cron­
kite and Vincent (1970), the feedback proposal would be as 
follows: as a wave of granulocytes die, stem cell input would 
decrease; cell production would diminish; marrow release rate 
would go down; fewer cells would die in the periphery; there 
would be less of the hypothetical substance to inhibit stem 
cell input and granulopoiesis would then increase. 
Cronkite and Vincent (1970) proposed that neutropenia 
is a sufficient stimulus to increase the marrow release rate, 
while an increased GTS would stimulate an increase in the 
marrow production rate. This concept was based on some of 
the work reviewed above and that of Craddock et al, (1955» 
1956) who removed from the blood, over a period of a few hours, 
a number of granulocytes in excess of TBGP. They found that 
the granulocyte count began to rise following a lag phase of 
one or two hours; the subsequent granulocytosis reached twice 
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normal granulocyte values after 24 hours. 
One of the characteristics of the granulocyte system 
is the promptness with which it responds to demand, and in­
fection is a good example of this (considered earlier in this 
review). Although response at the stem cell level may begin 
at the very earliest stage of an infection, the effect of the 
response at this level in man will be delayed at least 5 days. 
Similarly, the effect of a response at the myelocyte level of 
production will also be delayed, although to a less extent than 
the effect of a stem cell response. Thus the responsibility 
for the earliest neutrophilic response must occur due to re­
lease of cells from the bone marrow reserve (Cronkite and 
Vincent, 1970). 
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MATERIALS AND METHODS 
Experimental Animals, Housing and Surgical Procedures 
Experimental animals 
Cats used in this research were selected from those sub­
mitted by local residents or practicing veterinarians to the 
Department of Veterinary Pathology, Iowa State University, 
for experimental study or post mortem examination and from 
those unclaimed in the Ames, Iowa, animal pound. With the 
exception of those cats having known blood dyscrasias all cats 
selected were adults, tame and appreciative of handling; all 
cats were apparently healthy as indicated by normal appetites, 
rectal temperatures and lack of manifestations of clinical 
disease; data in hemograms were within the ranges of accepted 
normal values. Sex, breed and exact age were not criteria 
for selection. Blood granulocyte kinetic parameters were 
determined in 18 cats separated into 4 experimental groups. 
The kinetic aspects of granulopoiesis were evaluated in 9 
cats separated into 2 experimental groups and 2 individual 
studies. 
Housing 
Prior to their use in radioisotopic experimental trials, 
in which only 1 or 2 cats were studied at a time, they were 
housed in animal quarters in the Department of Veterinary 
Pathology. Cats used in the blood granulocyte kinetic study 
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were subjected to surgical placement of an Intravenous cathe­
ter after which they were moved to isolation quarters approved 
for radioisotope research. These facilities were located 
in the Department of Veterinary Microbiology and Preventive 
Medicine. Cats used in the study of the kinetics of granulo­
poiesis were moved directly to the radioisotope isolation 
housing facility without an intervening surgical procedure. 
All cats were given 2 or 3 days to acclimate to new surround­
ings before initiation of experimental studies. 
Surgical procedures 
A polyethylene catheter^ was surgically placed in an ex­
ternal jugular vein anterior to the thoracic inlet and extended 
to the base of the heart. The catheter was used to facilitate 
collection of the numerous blood samples required in studying 
blood granulocyte kinetics. The cats were anesthetized with 
2 1.1 mg/Kg of phencyclidine hydrochloride injected intraven­
ously. Routine aseptic surgical procedures were followed. 
Recovery from surgery was considered complete within 24 hours. 
Total and differential leukocyte counts were stable and normal 
36 to 48 hours after surgery. 
The sequence followed for collection of blood samples 
^Intramedic PE20, I.D. = 0.015", O.D. = 0.043", Clay 
Adams, Inc., New York, New York. 
2 Sernylan, Parke, Davis and Co., Detroit, Michigan. 
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and maintenance of catheter patency was as follows: the 
catheter was charged with 1% heparin solution to prevent 
clotting; the catheter was aspirated with a syringe to remove 
the heparin and obtain a free flow of blood; a second syringe 
containing EDTA^ anticoagulant was then used to obtain a 
sample; the blood was flushed from the catheter by injecting 
about 0.5 ml of physiologic saline solution (PSS); the cathe­
ter was recharged with \% heparin, sealed and secured with 
a bandage. 
During trials to study the kinetics of granulopoiesis, 
10 sequential bone marrow samples were taken from each cat 
at selected intervals to be defined later. Each cat was given 
0.0067 grains of atropine subcutaneously and placed in a large 
enclosed glass jar containing ether-soaked gauze pads. Follow­
ing initial excitement the cat would begin to relax and was 
immediately removed from the ether jar for collection of the 
marrow sample. Recovery from the light anesthesia was appar­
ent 5 to 10 minutes after the cat had been removed from the 
ether jar. This procedure was followed each time a sample 
was collected from a given cat. 
The bone marrow samples were aspirated from the ilium 
or the proximal end of the femur. The techniques described 
by Schryver (I963) and Gilmore et al. (1964) were used for 
^1.5^ sodium ethylenediaminetetraacetate in Q>.1% NaCl 
solution. 
31 
collection of samples at these sites. Since 10 samples were 
collected from each cat, a specific rotation of sites was 
followed In ail trials. The first sample was taken from the 
right ilium, the second from the left ilium, the third from 
the right femur, the fourth from the left femur, and then 
repeated in the same order until the 10 samples had been ob­
tained. New needle positions were selected over iliac crests 
previously penetrated and a deeper penetration was made into 
femurs previously sampled in an attempt to avoid excessive 
blood dilution of marrow samples. Bone marrow, 0.1 to 0.2 
ml/sample, was aspirated into a 20 ml syringe containing EDTA 
anticoagulant. Bone marrow smears were immediately made on 
glass slides and rapidly air-dried. 
Au zhe completion of each trial, cats were euthanatized 
•/ilzr. pentobarbital sodium. Those cats with known clinical 
diseases and blood dyscrasias were immediately necropsied. 
All cadavers were removed for disposal by the Radiological 
Services Group. 
Radioisotope Procedures 
All plastic- and glass-ware used in handling radioiso­
topes and waste liquids containing isotopes were packaged in 
plastic bags or glass bottles and picked up for disposal by 
the Radiological Services Group. 
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Blood volume determination 
Blood volume was determined in cats with standard radio­
isotope dilution principles using radioiodinated serum 
albumin (human)The following solutions were prepared: 
(1) do se-standard, consisting of ^^^I-albumin in PSS 
to contain approximately 1 microcurle radioactivity/ 
ml. 
(2) counting-standard, prepared by adding 0.2 ml of a 
1:10 dilution of the dose-standard to 2 ml of blood. 
(3) background sample, consisting of 2 ml of whole blood 
obtained from a donor cat unrelated to the trial. 
One ml of the dose-standard was Injected intravenously into 
the cat in which blood volume was to be determined. After a 
15 minute interval (previously determined to be adequate time 
for complete mixing in the blood) a 2 ml blood sample was col­
lected from the cat. Badloactlvlty in the background sample, 
the counting-standard and the cat sample was measured with a 
gamma counter. Counts per minute (CPM)/ml of the dose-stand­
ard and GPM/ml of the cat sample were calculated. Total blood 
volume In the cat was determined by the following formula: 
total blood volume = CPM/ml dose-standard f CPM/ml cat sample. 
•'"Hlsa-125, Abbott Laboratories, North Chicago, Illinois. 
2 Picker Nuclear Omnlscaler Autowell II, Picker Nuclear, 
White Plains, New York. 
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Blood granulocyte label in,g; procedure 
Neutrophilic granulocytes were labeled ^  vitro with 
tritiated-diisopropylfluorophosphate (-^H-DFP) using modifi­
cations of the procedure described by Alexanian and Donohue 
(1965). Some 15 to 20 ml of blood were withdrawn from a 
catheterized cat into a 35 ml siliconized plastic syringe 
containing from 1 to 2 ml of EDTA anticoagulant. ^E-DFP was 
added to the blood in the syringe to give a final concentra­
tion of from 0.3 to 0.5 micrograms of DFP/ml of blood (spe­
cific activity was approximately 55 microcuries/ml of blood). 
The syringe containing the mixture was placed in a 37°C incu­
bator and gently agitated for 45 minutes. At the end of this 
time 2 or 3 ml of blood were removed from the syringe for total 
and differential leukocyte counts and isolation of leukocytes 
for determination of granulocyte specific activity. The volume 
of blood remaining in the syringe was measured and then infused 
over a 10 to 15 minute period via the catheterized vein, into 
the cat from which the blood had originally been obtained. 
One experiment was conducted to determine if additional 
granulocyte labeling would occur in vivo. Plasma was separated 
from cells following the routine labeling procedure and the 
specific activity was determined. Following this the plasma 
was infused into a cat. Leukocytes were isolated from this 
•""Diisopropyi-l-^ H fluorophosphate, specific activity = 
1.0 curie per millimole. New England Nuclear, Boston, Massa­
chusetts. 
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cat at various times after the plasma infusion and an attempt 
was made to detect radioactivity in the leukocyte isolates 
by scintillation counting. 
The selectivity of ^H-DF? for neutrophilic granulocytes 
was examined by autoradiographic procedures. Autoradiograms 
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on smears of blood and leukocyte isolates from h^-dfp-treated 
blood were prepared and examined for labeling of cells other 
than neutrophils. 
Isolation of ^H-DFP labeled granulocytes 
Leukocytes were isolated from 2 to 3 ml blood samples 
containing ^H-DFP labeled granulocytes in preparation for 
determination of granulocyte specific activity. Leukocytes 
were isolated by using the techniques of erythrocyte sedimen­
tation, hypotonic lysis of erythrocytes (Fallon et , 1962) 
and differential centrifugation. They were obtained free of 
erythrocytes and reasonably free of platelets. The entire 
procedure was carried out at 0-4°C to maintain leukocyte 
viability. 
The details of che leukocyte isolation procedure were 
as follows. The blood sample, collected in EDTA anticoagulant, 
was placed in a siliconized plastic tube for 15 to 20 minutes 
to allow time for sedimentation of erythrocytes. Occasionally, 
sedimentation did not occur and if so, the sample was centri-
fuged at 20 X g for 4 minutes. The plasma, which contained 
leukocytes, platelets and some erythrocytes, was transferred 
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to a second siliconized tube and centrifuged at about 15O x g 
for 5 minutes. The supernatant plasma was discarded and the 
sediment, which consisted of leukocytes and some contaminating 
erythrocytes and platelets, was resuspended in 1 ml of PSS; 
3 ml of distilled water were added to create a hypotonic solu­
tion and the mixture was vigorously shaken for 30 to ^5 seconds, 
depending upon the degree of erythrocyte contamination; 1 ml 
of 3-5^ NaCl solution was rapidly added to restore isotonicity, 
and the mixture was centrifuged for 5 minutes at I30 x g. The 
supernatant was discarded and the sediment, which contained 
leukocytes, some erythrocytic debris and platelets, was resus­
pended in about 1 ml of normal cat plasma, which prevented 
clumping of cells. The mixture was centrifuged for 4 minutes 
at 20 X g during which the erythrocytic debris and many plate­
lets remained in suspension; this step was repeated 2 more 
times to wash the leukocytes. After the final plasma wash, 
the leukocytes were resuspended in 1 ml of normal cat plasma 
from which total and differential leukocyte counts were made; 
the number of neutrophilic granulocytes in the isolate was 
calculated. The isolated leukocytes, which were separated 
from the plasma after centrifugation, were prepared for scin­
tillation counting to determine granulocyte specific activity. 
Determination of granulocyte specific activity 
The specific activity of ^H-DPP labeled granulocytes was 
determined by liquid scintillation counting using a Packard 
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Tri-carb liquid scintillation spectrometer.^ Each leukocyte 
sample, in which the absolute granulocyte count was known, 
was prepared for scintillation counting by adding 1 ml of 
2 NCS zo solubilize the leukocytes; 18 ml of scintillation 
solution, consisting of 50 parts PPO^ and 0.625 parts POPOP^/ 
liter of toluene, were added to the solubilized sample. The 
samples were counted for 50 minutes to achieve statistically 
significant gross counts. (Gross counts usually ranged from 
5,000 to 20,000 counts/50 minutes/sample.) The external stand­
ard ratio and the net CPM were recorded for each leukocyte 
sample. 
The counting efficiency for each leukocyte sample was 
interpolated from an efficiency calibration curve which had 
been prepared in the following way. Several scintillation 
standard solutions were prepared, each containing a known 
quantity of tritium radioactivity and decreasing amounts of 
hemoglobin, which was presumed to be a likely quenching agent 
in the leukocyte samples. The counting efficiency of each 
of these standards, calculated from the observed CPM and the 
expected CPM (known quantity of radioactivity), was plotted 
versus the observed external standard ratio to form the effi-
^Packard Instrument Co., inc., Downers Grove, Illinois. 
2 Amersham Searle, Des Plaines, Illinois. 
^PPO = 2-5 diphenyloxazole; POPOP - Para-bis /^2-(5 phenyl-
ozazolyl_)_7 benzene, Amersham Searle, Des Plaines, Illinois. 
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ciency calibration curve. The counting efficiency for each 
leukocyte sample was obtained by fitting the external standard 
ratio for that sample to the efficiency calibration curve. 
Counting efficiencies for all leukocyte samples were near 30^. 
A method was devised whereby CPM/million granulocytes 
could be obtained for each leukocyte sample, which had been 
prepared as described above. This method was similar, in 
principle, to that described by Deinard and Page (1970) for 
use in granulocyte kinetic studies. The CPM/million granule-
cytes/sample was calculated with the following formula: 
C?M/10^ granulocytes = net CPM of the sample f counting 
efficiency of the sample ? the absolute granulocyte count 
in the sample (to the nearest million granulocytes). 
In vivo labeling of granulocyte precursors 
Bone marrow granulocyte precursors in cats, in which the 
kinetics of granulopoiesis was evaluated, were labeled in vivo 
1 3 by intravenous Injection of trltiated thymidine (^H-Tdr). 
These cats were given 0.3 microcuries (2 curies/millimole)/ 
gram of body weight In two doses, 15 minutes apart. 
Autorad1ograph1c procedures 
Blood and bone marrow smears from cats which had received 
^H-Tdr and smears of whole blood and leukocyte isolates, which 
1 ^ Thymldlne-methyl-^H, specific activity = 2 curies/milli­
mole, New England Nuclear, Boston, Massachusetts. 
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contained ^H-DPP labeled granulocytes, were fixed in methyl 
alcohol for 5 minutes and air-dried. The smears were dipped 
in NTB-3^ nuclear track emulsion diluted 1:2 with distilled 
water, dried in the air and packed in light proof boxes with 
a drying agent. 
The boxes containing the emulsion-coated smears were 
stored for ? or 8 weeks at -10°C to allow for measurable ex­
posure of the emulsion. After exposure, the autoradiograms 
were developed for 2 minutes at 15°C in Dektol^ diluted 1:2 
in distilled water and fixed for 8 minutes. Autoradiograms 
were stained through the emulsion with Wright * s blood stain 
(Schalm, I965) and permanently mounted. 
Hematological and Histological Procedures 
In those blood samples in which no radioisotope was 
present, the leukocyte counts were determined with the aid 
2 
of a Coulter electronic cell counter. However, in those 
samples containing either %-DFP or ^H-Tdr labeled cells, 
leukocyte counts were made manually with disposable pipettes^ 
containing diluent. Differential leukocyte counts were made 
on smears stained with Wright's blood stain. 
^Eastman Kodak Co., Rochester, New York. 
2 Coulter Electronics, Inc., Kialeah, Florida. 
3 
-^Unopette, Becton, Dickinson, and Co., Rutherford, New 
Jersey. 
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After all samples for radioisotopic experimentation were 
obtained, cats which had originally been submitted to the 
Department of Veterinary Pathology for examination were necrop-
sied. Tissues were fixed in formalin, embedded in paraffin, 
sectioned at 6 microns and stained with Harris hematoxylin 
and eosin Y. One special stain, Gomori's reticulum stain, 
was also used. 
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PART I. BLOOD GRANULOCYTE KINETICS IN CATS 
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EXPERIMENTAL DESIGN 
This study was designed to evaluate the kinetic param­
eters of blood neutrophilic granulocytes in cats. Total blood 
granulocyte pool (TBC-?), circulating granulocyte pool (CGP), 
marginal granulocyte pool (MGP), the half-life of blood granu­
locytes (T%0 and granulocyte turnover rate (GTR) were deter­
mined in 18 cats, which were divided into 4 groups. 
The first group consisted of 5 clinically and hematolog-
ically normal cats. These will be referred to hereafter as 
normal cats. 
The second group consisted of 3 cats in which circulating 
neutrophilia was induced by intravenous injection of 3 mg/Kg 
of bacterial endotoxin^ approximately 10 hours before deter­
mination of kinetic parameters. 
The third group consisted of cats in which hemorrhagic 
blood loss was simulated during the trials. The first of these 
cats, which was to have been considered normal, was accident­
ally heparinized and spontaneous hemorrhage occurred from the 
surgical wound and from the insertion point of the indwelling 
catheter. Hemorrhage continued from this cat for about 24 
hours during which abnormal granulocyte kinetic parameters 
were determined. Subsequently, 6 additional cats were studied, 
in which hemorrhage was simulated by bleeding in excess of 
^Escherichia coli endotoxin, serotype 055:B5, Difco 
Laboratories, Detroit, Michigan. 
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routine sample volumes during the trials. The excess amounts 
bled from these cats were recorded to estimate the degree of 
hemorrhagic blood loss in order to facilitate interpretation 
of results. 
The fourth group consisted of 3 cats with naturally occur­
ring blood dyscrasias. Of these cats, one was febrile and had 
a marked neutrophilic leukocytosis during the trial; a second 
cat, otherwise clinically normal, had a moderate neutrophilic 
leukocytosis for unexplained reasons; the third cat was neutro­
penic and had confirmed lymphosarcoma, diagnosed by surgical 
biopsy and histological examination. 
The numbers and letters used to identify cats and their 
clinical status for all 18 cats are listed in Table 2. This 
Identification will be used throughout the manuscript when 
data from individual cats are presented and discussed. Al­
though sex was also recorded in Table 2, no correlations be­
tween sex and results of granulocyte kinetic parameters will 
be made due to insufficient numbers of cats in the various 
groups. 
All trials were conducted according to the following 
sequence : 
(1) Blood volume was measured between 6:00 and 10:00 
o'clock in the evening. 
(2) Blood was collected for labeling granulocytes with 
^H-DPP In the morning, usually starting between 
5:00 and 7:30 o'clock, 8 to 10 hours after the blood 
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Table 2. Identification, sex and clinical status of cats 
in which blood granulocyte kinetics were studied 
Cat Sex^ Clinical status 
12N F Normal 
13N M Normal 
14n m Normal 
18N m Normal 
26n m Normal 
23E M Endotoxin-induced neutrophilia 
24E M Sndotoxin-induced neutrophilia 
29E M Endotoxin-induced neutrophilia 
r 1 F Spontaneous hemorrhage 
19H F Experimental hemorrhage 
21H M Experimental hemorrhage 
27H F Experimental hemorrhage 
28H F Experimental hemorrhage 
32H F Experimental hemorrhage 
33H F Experimental hemorrhage 
16FL M Febrile; leukocytosis 
17UL F Unexplained leukocytosis 
20Ly CM Lymphosarcoma; neutropenia 
= female, M = male, CM = castrated male. 
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volume procedure; samples of this blood were retained 
after labeling for total and differential leukocyte 
counts and for determination of granulocyte specific 
activity; the volume of blood which contained the 
labeled granulocytes was measured. 
(3) A few drops of blood were removed from the cat to 
determine the circulating granulocyte count, which 
was used for calculation of the CGP; the blood con­
taining the ^H-DFP labeled granulocytes was then in­
fused; completion of the infusion was referred to 
as zero time (t^) or pool size determination time. 
(4) Five blood samples were collected during the 24 hours 
following infusion of labeled granulocytes; granulo­
cyte specific activity was determined at each sample 
time; the approximate times in all cats were 1.5» 
3, 6, 12, and 24 hours after infusion. 
(5) Each cat was euthanatized at the end of the sampling 
sequence. 
The granulocyte specific activities, obtained following 
infusion of labeled granulocytes, were found to decrease with 
time at an exponential rate. These activities, versus time, 
were fitted with a line by exponential regression analysis 
using the statistical method of least squares. The intercept 
of the exponential regression line and the ordinate on a semi-
logarithmic scale represented the specific activity of granu­
locytes at zero time. The T§ of blood granulocytes was cal-
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culated from the slope of the exponential regression lines; 
that is, Ti was taken to be the time at which the specific 
activity of granulocytes at zero time was halved. 
The data recorded for each cat are summarized:^ 
(1) Kilogram body weight (Kg). 
(2) Blood volume, in ml/Kg (BV). 
(3) Specific activity of granulocytes infused, in 
CPM/IO^G (SAInfG). 
(4) Number of granulocytes infused (NoInfG). 
(5) Specific activity of granulocytes at zero time, 
in CPM/IO^G (SAGt^). 
(6) Circulating granulocyte count at zero time, in 
G/ml (Gtg). 
(7) Slope of the exponential regression line (b); 
from this, T§. 
The formulae for pool sizes and GTR were: 
(1) TBGP = units were: 
granulocytes/Kg. 
(2) CG? = (Gt^)(BV); units were: granulocytes/Kg. 
(3) MGP = TBGP - CGP; units were: granulocytes/Kg. 
(4) GTR = (24 hours) (TBGP); units were: 
granulocytes/Kg/day. 
^These data are recorded for all 18 cats in Tables 15 




Either iji vivo labeling of granulocytes, or label on 
other than neutrophils would be detrimental to the logical 
interpretation of results. Therefore, the following experi­
ments were conducted; 
(1) Plasma was separated from all cells following the ^H-DFP 
labeling procedure; the specific activity of the plasma 
was found to be 4l6,6l6 CPM/ml. Five ml of this plasma 
were infused into a cat and the remainder of the trial 
was conducted in a manner identical to that described 
for all cats. Subsequent leukocyte isolates from this 
cat did not contain detectable radioactivity, thus indi­
cating that vivo labeling was not occurring under the 
conditions of these studies. 
(2) The specificity of ^H-DPP for neutrophilic granulocytes 
was studied by preparing autoradiograms on leukocyte iso­
lates and whole blood obtained from blood in which the 
labeling procedure had just been completed (Figures 2 
and 3). Neutrophilic granulocytes were found to be heavi­
ly labeled whereas monocytes, lymphocytes, eosinophils, 
platelets, and erythrocytes were not labeled. The affin­
ity of ^H-DFP for neutrophils was indeed specific within 
the limits of these trials. 
Figure 2. Autoradiogram of leukocyte isolate from blood 
in which 3H-DFP labeling had just been completed. 
Note labeled neutrophilic granulocytes, and non-
labeled platelets and eosinophilic granulocyte. 
X 1200 
Figure 3- Autoradiogram of leukocyte isolate from blood 
in which vR-DFP labeling had just been completed. 
Note labeled neutrophilic granulocyte and non-
labeled lymphocyte, x 1200 
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Blood Granulocyte Kinetics in Normal Cats 
During the respective trials circulating leukocyte counts 
in all of the normal cats usually ranged between 10,000 and 
16,000/cubic millimeter (cmm) of blood, which are accepted 
normal values (Schalm, I965)• Fluctuations of the count were 
usually observed within the 2 to 3 hour period after infusion 
of blood containing labeled granulocytes. The peak values, 
which exceeded 20,000 leukocytes/cmm of blood in 2 of the 5 
cats, reflected changing levels of circulating neutrophils. 
The mean absolute circulating granulocyte count during trials 
in the 5 normal cats may be seen in Figure 4. 
Granulocyte specific activity was observed to decrease 
3 
at an exponential rate with time following infusion of ^H-DFP 
labeled granulocytes in all cats studied. The specific activ­
ities of granulocytes isolated during the 24 hours following 
infusion and the fitted exponential regression line of these 
activities for cat 12N are illustrated on an arithmetic plot 
in Figure 5 and on a semilogarithmic plot in Figure 6. These 
plots illustrate the rate at which labeled granulocytes dis­
appeared from the blood of cat 12N. Similar plots were pro­
duced from observed data in all normal cats. 
The specific activity of granulocytes at zero time and 
the slope of the exponential regression line were determined 
for each normal cat and were subsequently used to calculate 
the blood granulocyte kinetic parameters. The range of granu-
Figure 4. The mean absolute circulating granulocyte counts in 5 normal cats 
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Figure 5* The granulocyte disappearance curve determined 
for cat 12N Illustrating the experimentally 
derived granulocyte specific activities follow­
ing infusion of 3h-DPP labeled cells and the 
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Figure 6. The granulocyte disappearance curve determined 
for cat 12N illustrating the experimentally 
derived granulocyte specific activities follow­
ing infusion of 3h-DPP labeled cells and the 
calculated exponential regression line on a 
semilogarithmic scale (b = slope) 
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locyte disappearance curves for the normal cats may be seen 
in Figure 7 as the shaded area. The mean granulocyte dis­
appearance curve and its slope, b, are shown also. The inter­
cepts of the 5 exponential regression lines with the ordinate 
had considerably different absolute values for each cat. How­
ever, the intercept used in Figure 7 was arbitrarily chosen 
in order to allow illustration of the range of slopes. 
The blood granulocyte kinetic parameters, TBGP, CGP, MGP, 
T%, GTR and the CGP:TBGP ratio, derived from the data shown 
in Table 15, Appendix, and the mean and standard deviation of 
the parameters for all normal cats are presented in Table 3» 
The CGP:TBGP ratios indicate the proportion of granulocytes 
in the peripheral blood which were circulating as opposed to 
remaining quiescent in the vascular bed. 
Effect of Bacterial Endotoxin on Blood 
Granulocyte Kinetics in Cats 
A systemic reaction occurred in cats following intraven­
ous endotoxin administration, but the severity of the reaction 
varied independent of dosage. The reaction began within min­
utes after endotoxin administration and was characterized by 
vomiting and a tendency to withdraw to a motionless, inatten­
tive sitting posture at the rear of the cage. Severe leuko­
penia caused by marked decrease in neutrophils and lymphocytes 
occurred within 1 or 2 hours. 
The following 10 to 14 hour period was usually charac-
Figure ?. The range and mean slope (b) of granulocyte 
disappearance curves determined for 5 normal 
cats after infusion with ^ H-DFP labeled cells. 
Note that the intercept with the ordinate 
which was different in all cats was arbi­
trarily selected in order to demonstrate the 
range of slopes 
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Table 3» Total blood granulocyte pool (TBGP), circulating 
granulocyte pool (CGP), marginal granulocyte pool 
(MGP), CGP:TBGP ratio, half-life of blood granulo­













12N 29.59 9.86 19.73 0.33 9.0 54.77 
13N 42.30 10.65 31.65 0.25 9.6 73.49 
14N 36.26 7.06 29.21 0.20 6.6 91.99 
18N 19.06 6.99 12.07 0.37 5.2 61.06 
26N 17.11 4.66 12.46 0.27 6.5 43.53 
Mean 28.86 7.84 21.02 0.28 7.4 64.97 
S.D. 10.84 2.42 9.15 0.07 1.8 18.58 
terized by a rapidly Increasing neutrophil count, elevation 
of rectal temperature, increased respiratory rate, and depres­
sion. The developing neutrophilia was usually characterized 
by a large increase in circulating immature neutrophils, al­
though cat 23E did not show neutrophilia for an unexplained 
reason. 
After l4 to 18 hours, clinical recovery began and was 
usually complete by 36 hours following endotoxin administra-
6o 
tion. If a significant neutrophilia had occurred it remained 
until the final hours of recovery. Several cats died from 
endotoxin administration and were discarded from the study. 
Three cats, 23E, 24E, and 29E, survived the endotoxin-
induced illness, providing the data base on which the granu­
locyte kinetic parameters were developed. The absolute cir­
culating granulocyte counts in these cats, plotted before and 
after pool size determination time, are illustrated in Figure 
8. The neutrophilic phase of the endotoxin reaction developed 
rapidly and became pronounced in cats ZH-E and 29E; cat 23E 
failed to develop a significant neutrophilia and had, in fact, 
a relatively low granulocyte count at the pool size determina­
tion time. 
Granulocyte disappearance curves plotted for the 3 endo-
tozin-treated cats are shown in Figure 9» The range of slopes 
and mean slope of curves obtained in normal cats are super­
imposed on each graph in Figure 9 for comparison. 
The calculated granulocyte kinetic parameters in cats 
23E, 24E, and 29E, as well as the mean values for normal cats 
(Table 3) are presented in Table 4. Cat 23E, which remained 
neutropenic at pool size determination time, was found to have 
a normal TBGP with most of its blood granulocytes in the mar­
ginal pool. Cats 2^ E and 29E, which were neutrophilic at pool 
size determination time, each had an increased TBGP with both 
CGP and MGP increased in size; GTR, which is dependent on TBGP 
and Tf, was Increased in both of these cats because Tg remained 
Figure 8. The absolute circulating granulocyte counts before and after pool 
size determination time in cats treated with bacterial endotoxin 
ENDOTOXIN INJECTION TIME 
POOL SIZE DETERMINATION TIME = 
CAT 29E =• • 
CAT 24E =A---A 
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Figure 9» Granulocyte disappearance curves determined 
for 3 cats treated with bacterial endotoxin 
10 hours before pool size determination time. 
Comparison with mean and range of slopes 
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EXPONENTIAL REGRESSION OF DATA = 
RANGE OF SLOPES - NORMAL CATS = 
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MEAN SLOPE - NORMAL CATS 
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b =-0.0371 
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Table 4. Total blood granulocyte pool (TBGP), circulating 
granulocyte pool (CGP), marginal granulocyte pool 
(MGP), CGP:TBGP ratio, half-life of blood granulo­
cytes (T§) and granulocyte turnover rate (GTR) in 
3 cats treated with bacterial endotoxin 10 hours 
before pool size determination time. Comparison 
with mean values in 5 normal cats 
TBGP CGP MGP CGP: TBGP T& GTR 
Cat (%10^ /Kg) (xlO®/Kg) (xlO^ /Kg) (hours) (xlO^ /Kg/Day) 
23E 28.05 3.23 24.82 0.12 7.9 59-41 
24E 81.92 18.49 63.43 0.23 10.3 131.95 
29E 61.67 26.03 35.64 0.42 8.1 126.31 
Mean: 
5 normal 
cats& 28.86 7.84 21.02 0.28 7.4 64.97 
D^ata from Table 3» 
normal or near normal, as could be seen from the slopes in 
Figure The size of CGP and MGP, and thereby TBGP, for each 
endotoxin-treated cat is compared graphically to the mean pool 
size of normal cats in Figure 10. Data from which the kinetic 
parameters were calculated in cats 23S, 24E, and 29E may be 
seen in Table I6, Appendix. 
Figure 10. Total, circulating, and marginal granulocyte 
pool sizes in cats treated with bacterial 
endotoxin 10 hours before pool size deter­
mination time. Comparison with mean values 
in 5 normal cats 
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TBGP = TOTAL BLOOD GRANULOCYTE POOL 
CGP = CIRCULATING GRANULOCYTE POOL 
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Effect of Hemorrhage on Blood Granulocyte 
Kinetics in Cats 
The calculated blood volume of each cat before experi­
mental hemorrhage began and the amount of blood removed from 
each cat in excess of routine sample volumes, before and after 
pool size determination time (t^ ), are listed in Table 5- Cat 
15H bled spontaneously due to accidental heparinization and 
no estimate of the amount of blood lost could be determined. 
The range of hematocrit values in the 7 cats were as follows; 
24 to 36% at 10 hours before t^ , 23 to 30% at t^ , 20 to 29% 
at 8 hours after t^  and 14- to 25% at 25 hours after t^ . No 
clinical signs referable to the developing anemic states were 
observed in these cats. 
Absolute circulating granulocyte counts before and after 
pool size determination in cats 15H, 19E, 21H, and 27H are 
shown in Figure 11 and those in cats 28H, 32H, and 33H may 
be seen in Figure 12. In the cat with spontaneous hemorrhage, 
15H, and in cat 21H, neutrophilia developed most rapidly 
(Figure 11) ; neutrophil counts in cats 19H and 21H remained 
near normal throughout respective trials (Figure 11); neutro­
philia developed more slowly in cats 28H, 32H, and 33H (Figure 
12). 
Granulocyte disappearance curves are presented for com­
parison with the mean slope and range of slopes of curves ob­
tained in 5 normal cats; the curves for cats 15H, 19H, 21H, 
and 27H appear in Figure 13 and the curves for cats 28H, 32H, 
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Table 5- Blood volume (BV) in 7 cats in which the effects 
of experimental hemorrhage on blood granulocyte 
kinetics were studied. Amounts bled in excess 
of routine sample volumes before and after pool 




Bled before t 
(ml/Kg) 
Bled after t 
(ml/Kg) 
15H 63 
19H 76 3.1 9.4 
21H 73 6.1 13.5 
27H 74 .^5 11.5 
28H 63 4.5 10.4 
32H 60 6.2 3.1 
33H 57 6.5 4.6 
B^lood volume determined before hemorrhage. 
S^pontaneous hemorrhage, volumes could not be determined. 
and 33H may be seen in Figure 14. The disappearance of labeled 
granulocytes was slower in cats 15H, 21H, 32H, and 33H as indi­
cated by the decreased slopes. Also note that the curves for 
19H, 27H, and 28H were within or slightly below the normal 
range. 
A pattern characterized by an increased proportion of 
blood granulocytes in the marginal pool of cells, a prolonged 
Figure 11. The absolute circulating granulocyte counts in cats 15H, 19H, 21H, 
and 27H during trials in which the effects of hemorrhage on blood 
granulocyte kinetics were studied. Bleeding began at -10 hours 
and was continued throughout each trial 
CAT 15H = • " 
CAT 19H = A  •  
CAT 21H - • • 
CAT 27H 
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Figure 12. The absolute circulating granulocyte counts In cats 28H, 32H, and 33H 
during trials In which the effects of hemorrhage on blood granulocyte 
kinetics were studied. Bleeding began at -10 hours and was continued 
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Figure 13- Granulocyte disappearance curves calculated 
for cats 15H, 19H, 21H, and 27H. Comparison 
with mean slope and range of slopes in 5 
normal cats 
Experimental data points = a 
Exponential regression of data = 
Range of slopes-normal cats = shaded area 
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Figure 14. Granulocyte disappearance curves for cats 
28H, 32H, and 33H. Comparison with mean 
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T§ and a decreased GTR was observed in 4 cats: 15H (spontan­
eous hemorrhage), 21H, 32H, and 33H. TBGP was variable in 
these cats. Cats 21H, 32H, and 33H were those subjected to 
6.1 to 6.5 ml/Kg experimental blood loss before t^ (Table 5)-
In contrast, cats 19H, 27H, and 28H, from which bleeding before 
t^ was of lower magnitude (Table 5)> were found to have essen­
tially normal granulocyte kinetic parameters. The calculated 
kinetic parameters for these contrasting groups of cats with 
experimental hemorrhagic blood loss and the mean values of 
the parameters in normal cats are listed in Table 6. Data 
from which the kinetic parameters were calculated for these 
cats may be seen in Table 1?, Appendix. The differences be­
tween blood granulocyte pool sizes of normal cats (mean values) 
and cats 15H, 21H, 32H, and 33H are graphically illustrated 
in Figure 15-
Analysis of variance for T§ and GTR between all normal 
cats (Table 3) and all cats which hemorrhaged (Table 6) re­
vealed the following: P = 5*20 for T§ which was significant 
at the 0.05 level; F = 4.73 for GTR which was significant at 
the 0.05 level. Subsequently the data for these 2 parameters 
were separated into that for normal cats, cats 15H, 21H, 32H, 
and 335, and cats 19H, 27H, and 28H which were then compared 
with Duncan's multiple range test. Significant differences 
at the 0.05 level were found for both T§ and GTR between normal 
cats 15H, 21H, 32H, and 33K, but not between normal cats and 
cats 19H, 27H, and 28H. 
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Table 6. Total blood granulocyte pool (TBGP), circulating 
granulocyte pool (CGP), marginal granulocyte pool 
(MGP), CGP:TBGP ratio, half-life of blood granulo­
cytes (T|) and granulocyte turnover rate (GTR) in 
contrasting groups of cats in which the effects 
of hemorrhage on blood granulocyte kinetics were 













15H 52.27 7.50 44.78 0.14 16.2 53.72 
21H 84.18 14.49 69.70 0.17 39.9 35.09 
32H 31.46 4.92 26.54 0.16 59.1 10.25 
33H 32.86 3.42 29.44 0.10 12.4 44.18 
19H 20.47 6.14 14.33 0.30 4.9 69.30 
27H 21.06 6.20 14.86 0.29 4.8 72.61 
28H 32.74 9.55 23.18 0.29 8.2 66.27 
Mean: 
5 normal 
catsa 28.86 7.84 21.02 0.28 7.^ 64.97 
^Data from Table 3-
Figure 15• Total, circulating, and marginal granulocyte 
pool sizes in cats in which hemorrhage altered 
blood granulocyte kinetics. Compare with mean 
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Blood Granulocyte Kinetics in Cats with 
Naturally Occurring Blood Dyscrasias 
Absolute circulating granulocyte counts in cats 16FL, 
17UL, and 20Ly before and after t^ are shown in Figure l6. 
There were differences in values of the granulocyte counts 
in these 3 cats. Cat 16PL was found to have a total leukocyte 
count of 39>700/cmm at 10 hours before t^; the rectal temper­
ature was 102°F at this time. By 13 hours after t^ the rectal 
temperature was 103.^°F, and the cat was observed to be de­
pressed and anorectic. Cat 17UL, which was also observed to 
be neutrophilic during the trial, did not show clinical signs 
of illness. Cat 20Ly, which had confirmed lymphosarcoma, 
was neutropenic. 
The granulocyte disappearance curves for these 3 cats 
are illustrated in Figure 17. The mean slope for normal cats 
and the slope of the curve for cat 16FL coincided. The slope 
of the curve for cat 17UL was moderately decreased and that 
for cat 20Ly was markedly decreased. It should be noted that 
the experimentally derived granulocyte specific activity data 
points in cat 20Ly were quite divergent (Figure 17). The 
leukocyte isolates from this cat were extremely low in granu­
locyte number due to the neutropenic state, which resulted 
in lower gross counts and greater error in scintillation count­
ing. 
The calculated blood granulocyte kinetic parameters for 
cats 16FL, 17UL, and 20Ly are listed in comparison with the 
Figure 16. The absolute circulating granulocyte counts before and after pool 
size determination time in cats with naturally occurring blood 
dyscrasias 
li 
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Figure 17. Granulocyte disappearance curves in cats 
with naturally occurring blood dyscrasias. 
Comparison with mean slope and range of 
slopes in 5 normal cats 
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normal mean values in Table ?. Cat 16FL, which had a marked 
circulating neutrophilia during the trial (Figure l6) was 
found to have a TBGP within the normal range (Table 3)» the 
greater proportion of granulocytes in the TBGP of this cat 
was present in the circulating pool of cells; with a normal 
TBGP and T§ the calculated GTE was also normal. Cat 17UL, 
in which neutrophilia was of lower magnitude than in Cat 16FL, 
(Figure l6), had a calculated CGP slightly above the range in 
normal cats (Table 3)» and had an increased TBGP with increased 
proportion of cells in the MGP. Since T-g was near normal and 
the TBGP was increased, the calculated GTR was greatly in­
creased. Cat c-OLy, which was neutropenic, had a markedly de­
creased TBGP, but the cells were distributed between CGP and 
MGP in normal proportion; note that T§ was greatly prolonged 
in this cat. Data from which the granulocyte kinetic param­
eters were determined in cats 16FL, 17UL, and 20Ly may be seen 
in Table 18, Appendix. The pool sizes for these 3 cats are 
graphically Illustrated in comparison with mean values for 
pool sizes in normal cats in Figure 18. 
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Table ?. Total blood granulocyte pool (TBGP), circulating 
ranulocyte pool (CGP), marginal granulocyte pool 
MGP), CGP:TBGP ratio, half-life of blood granulo­
cytes (Ti) and granulocyte turnover rate (GTE) in 
3 cats with naturally occurring blood dyscrasias. 
Comparison with mean values in 5 normal cats 
TBGP CGP MGP CGP: TBGP Ti GTE 
Cat (zlO^/Kg) (xlO®/Kg) (zlO^/Kg) (hours) (zlO^/Kg/Day) 
16FL 37.63 24.28 13.35 0.65 7.4 84.98 
17UL 84.78 13.40 71.38 0.10 11.2 125.80 
20Ly 4.50 1.32 3.17 0.29 53.7 1.39 
Mean: 
5 normal 
cats^ 28.86 7.84 21.02 0.28 7.4 64.97 
^Data from Table 3» 
Figure 18. Total, circulating, and marginal granulocyte 
pool sizes in cats with naturally occurring 
blood dyscrasias. Comparison with mean values 
in 5 normal cats 
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TBGP = TOTAL BLOOD GRANULOCYTE POOL 
CGP = CIRCULATING GRANULOCYTE POOL 
MGP = MARGINAL GRANULOCYTE POOL 
TBGP 























The findings in cats with respect to the intravascular 
distribution of neutrophilic granulocytes are similar to those 
reported for man and dog (Athens et , 1961a; Athens et al., 
1961b; Alexanian and Donohue, 1965; Raab e_t , 1964). How­
ever, a major difference, apparently characteristic for the 
species, is the large MGP in cats. About 30^ of the labeled 
granulocytes could be accounted for in the circulating blood 
of cats following infusion (Table 3, CGP:TBGP ratio). This 
indicates that a substantial number of cells in the TBGP re­
sides in the marginal pool. This contrasts with findings in 
man and dog, for which CGP:TBGP ratios are closer to 1:2 (see 
Table 8 for comparison of TBGP, CGP, and MGP in man, dog and 
cat). 
The species differences for CGP, the product of the cir­
culating granulocyte count and the blood volume, may be ex­
plained by the unequal granulocyte counts used to calculate 
the pool size in the studies (Table 8). The mean circulating 
granulocyte count for the normal cat group was about 10,000/cmm 
(Figure 4) which was within the accepted normal range for cats. 
The mean count given by Alexanian and Donohue (1965) for man 
was 4,450/cmm; that for dogs was 7,350/cmm (Raab ^  , 1964). 
These values differ by an order of magnitude similar to that 
for the CGP between species listed in Table 8. Thus, the 
apparent CGP values do not reflect a fundamental species dif-
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Table 8. Comparison of total blood granulocyte pool (TBGP), 
circulating granulocyte pool (CGP) and marginal 







Man^ 6.53 3.07 3.46 
Man^ 6.80 2.90 3.90 
DogC 10.20 5.40 4.80 
Cat^ 28.86 7.84 21.02 
^Mean, ^ 5 subjects, Athens et , 196lb. 
^Mean, 12 subjects, Alexanian and Donohue, 1965» 
^Mean, 31 dogs, Raab et al., 1964. 
^Mean, 5 cats, from Table 3-
ference in granulocyte kinetics. 
The reason for the larger MGP in cats compared to that 
of dog and man is not apparent from the results in this study. 
Yet, the significance of its size may be of great importance 
in interpretation of hematological data. For example, neutro­
philic leukocytosis, which may be a manifestation of physio­
logical changes induced by fear, apprehension or struggling 
while being handled, is extremely common in cats (Schalm and 
Smith, 1963; Schalm, 1965). Athens et (1961b) have demon­
strated that this type of neutrophilia in man is simply mobili­
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zation of cells from the MGP to the CGP. Certainly, the 
large MGP observed in cats may provide an explanation for 
the relative ease with which physiologic leukocytosis occurs 
in this species. 
The findings with respect to the intravascular half-life 
of granulocytes in cats are also similar to those in dog and 
man. The mean T& for the normal group (Table 3) is in close 
agreement with values reported by Athens ^  ad. (1961a) for 
man and Raab et al.. (1964) for dog. The exponential dis­
appearance rate of labeled granulocytes, from which T| is 
calculated, Indicates random loss of cells from the blood 
of cats, as in dog and man (Figures 5 and 6). This interpre­
tation is based on the assumption that elutlon of label from 
infused cells does not occur. The assumption is supported by 
the fact that the DFP-cytoplasmic bond is irreversible, remain­
ing intact for the life of the protein (Athens et ad., 1959b). 
Furthermore, when the protein is degraded in the body, diiso-
propylphosphate (DIP) is released; DIP does not react with 
protein and is promptly excreted in the urine (Cohen and 
Warringa, 195^)• 
Thus it can be seen that the fundamental features of blood 
granulocyte kinetics in cats, i.e., compartmentallzation and 
random loss of cells, parallel those in man and dog. There­
fore, the results obtained for the normal group, as compared 
to the endotoxln-treated group or those with naturally occur­
ring blood dyscrasias, may be logically evaluated to gain in­
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sight into mechanisms which underlie neutrophilic or neutro­
penic responses in cats. 
The differences among cats in the normal group for pool 
sizes, T§ and GTE (Table 3) may be explained by natural bio­
logical variation. Although some of the variation could have 
been due to physiologic leukocytosis, the fact that mean gran­
ulocyte counts remained within normal ranges during these 
trials (Figure 4) would indicate that this factor did not in­
fluence the results. In fact, most of the experimental animals 
were calm to the point of purring and actively seeking affec­
tion during the handling procedures. 
The CGP:TBGP ratio for cat 16FL leads to the suggestion 
that an early kinetic change in acute illness in cats is mobil­
ization of cells from the MGP to the CGP (Table 7, Figure 18), 
which causes the observed neutrophilia. Furthermore, an acute 
illness, perhaps inflammatory in nature, would be expected to 
result in an increased peripheral demand for neutrophils and 
result in an increased GTE. The GTE in this cat (Table 7), 
although near 1 standard deviation of the normal group mean 
(Table 3)» was slightly elevated, suggesting an increased 
peripheral utilization of cells. 
The observed shift of cells from the MGP to the CGP is 
typical for physiologic leukocytosis as described by Athens 
et al. (1961b). However, Schalm and Smith (I963) state that 
the tendency for physiologic leukocytosis to occur in cats 
is diminished in acute illness. 
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The above interpretation is in disagreement with the 
observations of Marsh et (1967). They have interpreted 
data from experimentally infected dogs in which an early in­
crease in the MGP preceded an increase in the CGP. Margina-
tion is logically an essential step before diapedesis occurs. 
However, the compartmentalization model for blood granulocytes, 
i.e., TBGP composed of CGP and MGP, implies free exchange of 
cells between CGP and MGP, and may be interpreted to indicate 
that cells leave the circulation from either pool (Cronkite 
and Vincent, 1970). Although the primary alteration noted in 
cat 16FL was a shift in cells from the MGP to the CGP, perhaps 
the true initial response had been completed by the time label­
ing procedures were initiated. The true nature of this initial 
response in cats could be clarified in greater detail with ex­
perimental production of inflammation. 
Neutrophilia in chronic infection is characterized by in­
creased TBGP, increased GTR, and moderately prolonged T§ in 
man (Athens et al., 19^5; Galbraith et ^ ., 1965)• The find­
ings in cat 17UL were similar (Table 7, Figures l6, 17, and 
18). The size of the TBGP is dependent on the balance between 
the rate of efflux from the blood and the bone marrow release 
rate. The decreased slope of the granulocyte disappearance 
curve (Figure 17, cat 17UL) implies a slowed rate of efflux 
from the blood, yet the GTR was greatly increased in this cat. 
Cronkite and Vincent (1970) suggest that in order to account 
for the prolonged T§ noted in infection one must conclude that 
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generalized random loss is curtailed. Since no outward signs 
of illness were observed, no conclusions can be made that an 
infection was in progress in this cat. 
Athens et al. (196la) studied the effects of endotoxin 
on blood granulocyte kinetics in man in order to establish a 
model for changes which may occur in infection. A similar 
approach was attempted in this study. However, interpretation 
of the results will be directed at the specific effects of 
endotoxin. Additional studies in infected cats will be neces­
sary before corollary conclusions can be attempted. 
The systemic reaction observed following bacterial endo­
toxin administration in cats was typical of that described 
for other experimental animals (Braude, 1964). The classical 
reaction is characterized by fever and shock resulting from 
a large, precipitous fall in blood pressure (Kuida et al., 
1961). 
The shift of cells from the CGP to the MGP in cat 23E 
(Table 4, Figures 8 and 10), in which labeling procedures were 
instituted before complete recovery from the neutropenic stage 
of the endotoxin reaction, implies that margination of circu­
lating granulocytes had occurred. This shift in the neutro­
penic stage has been described for endotoxin-treated humans 
(Athens et al., 1961a). The reasons for the observed margina­
tion of cells are unknown, but it is possible that either cir­
culatory changes in pulmonary vasculature or direct endotoxin 
effect on granulocytes may be involved. 
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The change in pulmonary vasculature may be coincidental 
with margination of granulocytes in the lungs resulting in 
the observed neutropenia. Kuida et (196I) ascribed the 
early precipitous hypotension in cats to pulmonary vascular 
constriction and acute right ventricular hypertension and 
failure, rather than splanchnic pooling of blood as described 
in other species. The pulmonary blood vessels are known to 
be a significant site for sequestration of granulocytes. 
Bierman et (1952) observed a marked decrease in granulo­
cyte count on the arterial side of the lungs during forced 
inspiration, without coincident change in the count on the 
venous side; a reversal of these results was obtained during 
forced expiration. These findings illustrate the degree to 
which dynamic changes in the pulmonary circulation may influ­
ence the circulating granulocyte count in endotoxin-treated 
cats. 
The existence of a direct effect of endotoxin on granulo­
cytes is still somewhat problematical. Whether the cells are 
direct or indirect targets of an endotoxin action is still un­
known. Carey et (1958) detected radioactivity in leuko­
cytes immediately after intravenous administration of isotopi-
cally labeled endotoxin, but no definitive conclusions as to 
whether this was a direct effect were possible. Presumably, 
marginated granulocytes are destroyed and do not return to the 
CGP. This is substantiated by the normal granulocyte disap­
pearance curve determined for cat 23E (Figure 9). If granule-
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cytes were returning to the CGP in this cat, it would have 
been reflected in this curve as a decreased slope. 
Following the neutropenic stage of the endotoxin reaction, 
bone narrow is in some way stimulated to release large numbers 
of cells. The labeling procedures were initiated during this 
stage of the reaction in cats 24E and 29E (Figure 8). The ob­
served increase in TBGP and GTE in these cats (Table 4, Figures 
9 and 10) is similar to those described for the same stage in 
man (Athens et , 1961a). Herion et al. (I965) and Cronkite 
and Vincent (I97O) have proposed that neutropenia itself may 
be a sufficient stimulus for the increased release rate of 
bone marrow granulocyte reserves. However, King (I96O) has 
demonstrated that material with properties of an endogenous 
pyrogen, extracted from rabbit leukocytes or obtained from 
seruE 2 hours after injecting endotoxin, produces a prompt 
granulocytosis when given intravenously to rabbits. These 
findings indicate that a substance liberated from granulocytes 
themselves, perhaps as a consequence of massive granulocyte 
death following the margination event, may be in part responsi­
ble for the increased bone marrow release rate. 
The suggestions offered above would explain the developing 
neutrophilia and the increased GTR observed in cats 24E and 29E 
(Table 4, Figure 8). However, neither neutropenia alone nor 
massive granulocyte deacn, which apparently occurs, is adequate 
to explain the lack of neutrophilic response in cat 23E (Figure 
8). The apparent inconsistency cannot be clarified from eval-
99 
nation of the results In this study. 
Leukopenia, although most frequently associated with in­
fectious feline enteritis in young cats, is commonly observed 
in feline patients of all ages (Schalm and Smith, I963). 
Study of granulocyte kinetics in any neutropenic animal is 
difficult due to problems encountered in isolation of suffi­
cient numbers of granulocytes for accurate scintillation 
counting, as illustrated by the divergent data for cat 20Ly 
(Figure 1?). However, it can be seen that the GTE was ex­
tremely low in this cat (Table ?) indicating a diminished re­
lease of granulocytes from the bone marrow. Furthermore, the 
prolonged T-g (Table 7) was indicative of retention of granulo­
cytes in the circulation. This suggests the existence of some 
mechanism whereby the body attempts to maintain a population 
cf granulocytes in the blood in spite of diminished influx 
from the marrow. Another possibility is that the stress pro­
duced by systemic disease, lymphosarcoma in this case, results 
in an increased production of endogenous corticosteroids, which 
have been shown to decrease the rate of granulocyte efflux 
from the blood (Athens et a2., 1961a; Bishop et , 1968). 
Athens (1969) reports observing 2 types of neutropenic 
human patients with respect to blood granulocyte kinetics. 
The first of these was characterized by depression of granulo­
poiesis, low circulating granulocyte count and TBGP, but the 
T^ was below normal. The second type was characterized by 
an Increased GTR and an extremely short T§; the latter type 
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of neutropenia apparently results from rapid granulocyte util­
ization and destruction in suppurative disorders, in which 
the ability of the bone marrow to replace cells is exceeded. 
A prolonged Tè has apparently not been observed in neutropenic 
huaan patients. 
While the mechanisms involving neutrophilia and, in some 
instances, neutropenia, with respect to blood granulocyte 
kinetics, have received considerable attention, little is 
known regarding the effects of hemorrhage. Hemorrhage is 
known to result in an increased circulating granulocyte count 
in man (Wintrobe, I96I) and in animals (Schalm, 1965)• Al­
though all experimentally bled cats tended to develop neutro­
philia during the respective experimental trials (Figures 11 
and 12), the data indicate that a critical amount of blood 
loss, before t^, was necessary to induce changes in granulo­
cyte kinetic parameters. This critical level of blood loss 
was about 7 to 8^ of the blood volume (calculated from the 
data in Table 5 and Table 1?, Appendix). 
Evaluation of the kinetic parameters for those cats bled 
sufficiently to induce changes (cats 15H, 21H, 32H, and 33H; 
Table 6, Figures 13, 14, and 15) leads to the following hypo­
thesis. Changes in blood granulocyte kinetics may be a mani­
festation of significant loss of erythrocytes, which are of 
more immediate concern to life than are neutrophilic granulo­
cytes. The prolonged Ti and the decreased GTR, determined 
in these cats, may reflect a diminished demand for granule-
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cytes, which in turn would free the bone marrow for more in­
tense erythropoiesis to meet the life-deterring loss of ery­
throcytes. 
The work reported by Lawrence and Craddock (1968), who 
demonstrated suppression of granulopoiesis in guinea pigs 
following acute massive hemorrhage, supports this contention. 
They suggested suppression of granulopoiesis occurs because 
myeloid and erythroid tissues are in competition for a limited 
space. During periods of intense demand for erythrocytes, 
multipotential stem cells would be stimulated to differentiate 
toward erythropoiesis at the expense of granulopoiesis. Fur­
thermore, their data led to the proposal that Inhibition of 
granulocyte outflow from the bone marrow also occurred in 
blood depleted guinea pigs. 
The stimulus for depression of bone marrow outflow, i.e., 
diminished influx to the blood, may be secondary to the re­
duction of granulocyte efflux from the blood. This is implied 
by the decreased slopes of granulocyte disappearance curves 
and longer half-lives (Table 6, Figures 13 and 14) for cats 
15H, 21H, 32H, and 33H. The reduction in granulocyte efflux 
may have been induced by an adreno-cortical response to the 
stress of bleeding. Athens et aJ^. (1961a) and Bishop et al. 
(1968) have demonstrated this effect of corticosteroids. How­
ever, they have also shown that corticosteroids increase the 
rate of influx of cells from the bone marrow, which contra­
dicts the findings in these cats. The role of corticosteroids 
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in this mechanism might be clarified by repeating the kinetic 
studies in hemorrhaged, adrenalectomized cats. 
Cats with decreased granulocyte turnover rates and pro­
longed granulocyte half-lives caused by experimental hemor­
rhage were also found to have an increased proportion of cells 
in the MGP; in some instances the MGP was actually increased 
in size (Table 6, Figure 15)• This may be explained by con­
sideration of the effects of hemorrhage on the blood circula­
tory system. According to Guyton (I96I) about 1.0% of the blood 
volume can be lost with no appreciable effect, but further 
loss usually diminishes the cardiac output first and then the 
blood pressure; diminished cardiac output and blood pressure 
result in sluggish flow of blood through minute vessels. 
Vejlens (1938) demonstrated that when the velocity of blood 
flow is reduced, granulocytes tend to assume a marginal posi­
tion, become adherent to vessel walls and are withdrawn from 
the axial stream. These findings provide a logical explana­
tion for the observed margination of granulocytes in cats 
with 7 to 5^ of the blood volume removed before pool size 
determination time. 
Gaylor et (1969), who studied total marrow granulo­
cyte numbers and band/segmented neutrophil ratios in blood 
after hemorrhage in mice, proposed a sequence of events which 
is at variance with the findings in this study. They proposed, 
without additional evidence, that hemorrhage leads to sudden 
changes in vascular tone, which causes demargination of granu-
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locytes producing the observed circulating neutrophilia. How­
ever, the observed neutrophilias in cats in this study (Figures 
11 and 12) were not due to demargination as can be seen from 
the MGP values (cats 15H, 21H, 32H, and 33H, Table 6). Appar­
ently the decreased rate of efflux from the blood resulted in 
a slight increase in TBGP and CGP with time. 
On the basis of these results, the suggested sequence 
of events governing the kinetic changes observed in hemorrhaged 
cats is; 
(1) blood loss of 7 to 8^ of the blood volume leads to changes 
in circulatory dynamics, which in turn causes margination 
of granulocytes; 
(2) inhibition of the rate of egress from the blood occurs 
perhaps as a result of a stress-induced, adreno-cortical 
response, which in turn diminishes the need for granulo­
cytes in the blood and GTE declines; 
(3) with decreased peripheral loss of cells the bone marrow 
release rate diminishes, and this allows for more intense 
erythropoietic effort necessary to meet the demand for 
erythrocytes caused by blood loss. 
Certain technical problems were successfully overcome in 
adaptation of the procedures of Athens and co-workers to this 
study of blood granulocyte kinetics in cats, e.g., (1) a quan­
titative recovery of granulocytes from small volumes of blood 
was accomplished and (2) an exact measurement of granulocyte 
specific activity provided for accuracy of results. This 
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approach substantiates the ideas of Delnard and Page (1970) 
who desired better methods for studying granulocyte kinetics 
of neutropenia in man. Thus, the successful adaptation of 
procedures to a smaller laboratory species, such as the cat, 
zay lead to more exhaustive research on the intravascular 
survival and distribution of neutrophilic granulocytes. 
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PART II. KINETICS OF GRANULOPOIESIS IN CATS 
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EXPERIMENTAL DESIGN 
The progress of ^H-Tdr-labeled cells through the cat­
enated. compartments of granulopoiesis was studied in cats. 
This experimentation was conducted in 2 groups of cats, con­
trol and endotoxin-treated, and in 2 individual cats with 
naturally occurring blood dyscrasias. The observations on 
granulopoiesis in these cats were compared to results pre­
dicted by a hypothetical model of granulopoiesis. From this 
comparison transit times for cells within the various cyto­
logic compartments were estimated. 
Experimentation in Cats 
The control goup was comprised of 4 clinically and 
hematologically normal cats. However, the stress produced 
by repeated light anesthesia necessary to facilitate collec­
tion of bone marrow samples, resulted in slight elevation 
of circulating granulocyte counts. Therefore, rather than 
"normal", the term "control" will be used to identify this 
group, since all cats studied were subject to this treatment. 
Three cats were each treated with 3 mg/Kg of bacterial 
1 3 
endotoxin intravenously 30 minutes after injection of ^H-Tdr. 
This treatment was intended to create a peripheral demand for 
granulocytes greater than that for the control group. These 
^Escherichia coll endotoxin, serotype 055îB5, Difco 
Laboratories, Detroit, Michigan. 
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3 cats will be referred to as the endotoxin-treated group. 
One cat with confirmed lymphosarcoma was studied and will 
be referred to as the lymphosarcoma cat. 
Another individual cat was presented to the Department 
of Veterinary Pathology with the following history. The cat 
had been periodically depressed and anorectic during the pre­
vious year. During this time a mild, progressive neutropenia 
had developed. The neutropenic state was severe when the 
radioisotopic study of granulopoiesis was initiated. A myelo­
proliferative disease, characterized by myelofibrosis and 
hyperplasia of hematopoietic tissues, was diagnosed at com­
pletion of the study. This subject will be referred to as 
the myelofibrosis cat. 
Bone marrow samples were collected from each cat 0.5» 
2, 6, 12, 24, 36, 48, 72, 96, and 120 hours after in vivo 
labeling of granulocyte precursors with ^H-Tdr. These sample 
times were similar to those selected by Patt and Maloney 
(1959b), who conducted an autoradiographic study of granulo­
poiesis in dogs. The shorter sampling intervals early in 
the experimentation provided for study of anticipated, rapid 
change in the number of labeled cells within the immature 
cytologic compartments of granulopoiesis. Blood samples were 
taken at each 12 hour interval through 120 hours after label­
ing to determine the emergence time of labeled granulocytes. 
Autoradiograms were prepared from all blood and bone marrow 
samples. 
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A differential granulocyte precursor count was conducted 
on each bone marrow autoradiogram. The cytologic compartments 
were assigned identification letters: A = myeloblasts plus 
progranulocytes, B = neutrophilic myelocytes, C = neutrophilic 
metamyelocytes, D = band neutrophils and E = segmented neutro­
phils. The numbers of myeloblasts and progranulocytes were 
combined because of their small number and difficulty in sep­
arating them cytologically in the autoradiograms. The number 
of segmented neutrophils encountered was increased and vari­
able in the fifth through tenth bone marrow samplings from 
each cat. This apparently resulted from sample dilution with 
peripheral blood. Therefore, a method was devised, whereby 
the differential counts were corrected for blood dilution, 
and normalized numbers of labeled granulocyte precursors were 
mathematically derived for each sample time. 
Calculation of normalized numbers of labeled granulocyte 
precursors and correction for blood dilution was as follows: 
(1) A minimum of 250 cells in the A through D compartments 
was differentially counted at each sample time. The num­
ber of segmented neutrophils, S, was also counted, but 
not included in the above total, which was established to 
ensure uniformity of counts in the precursor compartments. 
(2) The total number and the number of labeled cells in each 
compartment were tallied for each sample time and the 
percentage of labeled cells in each compartment, A through 
E, was calculated. 
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(3) The mean differential count, including compartments A 
through E, was determined from the first 4 samples, which 
were not adversely affected by blood dilution. The number 
of cells for each compartment in the mean differential 
count was multiplied by the respective percentage of 
labeled cells obtained for all 10 samples. The products 
were normalized numbers of labeled cells for compartments 
A through E for the 10 sample times. 
The above procedure was conducted for each cat. The 
arithmetic mean and range of normalized numbers of labeled 
cells were determined for the control group and the endotoxin-
treated group. The normalized numbers for the lymphosarcoma 
cat and the myelofibrosis cat were evaluated separately. 
The 10 sequential blood smear autoradiograms for each 
cat were examined until a minimum of 150 segmented neutrophils 
had been encountered at each sample time. The sample time 
during which labeled segmented neutrophils were first encoun­
tered was taken to be the emergence time of segmented neutro­
phils in the cat's blood. In like manner the emergence time 
of band neutrophils was determined. Mean emergence times for 
band neutrophils and segmented neutrophils were calculated 
in the control group and the endotoxin-treated group. These 
appearance times were evaluated separately in the lymphosarcoma 
and myelofibrosis cat. 
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Description of the Hypothetical Model 
of Granulopoiesis 
A model of granulopoiesis, similar to that described for 
man by Cronkite and Vincent (1970), was studied. The experi­
mental observations on granulopoiesis in cats were compared 
to those predicted by the model which is illustrated schemat­
ically in Figure 19- Note that in the proliferating pool 
myeloblasts and progranulocytes are represented as having 
one generation each. Neutrophilic myelocytes have 3 genera­
tions. Furthermore, the scheme illustrates the possibility 
for shortening the first myelocyte generation, thereby per­
mitting an additional mitosis before cells become members of 
the second myelocyte generation. The potential for cell pro­
duction could in this way be increased twofold. 
In the nonproliferating pool (Figure 19) cells are illus­
trated as maturing through 3 cytological compartments before 
being released to the blood. However, the arrow from a band 
neutrophil to the blood represents the capacity for release 
of immature cells if this is required by peripheral demand 
for granulocytes. 
The descriptive terminology proposed by Killmann et al. 
(1963) with reference to division of cells will be used, i.e., 
daughter cells, which cytologically resemble mother cells, 
arise by homomorphogenic division and daughter cells, which 
resemble members of a following cytologic compartment, arise 
by heteromorphogenic division. In the latter situation the 
Figure 19. Schematic representation of the hypothetical model of granulopoiesis. 
Note cytologic compartments are separated by dashed and solid lines; 
neutrophilic myelocytes have 3 generations, but the first generation 
time may shorten to allow for an additional division; arrow from a 
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change in cytologic characteristics on which cell classifi­
cation is based coincides in time with mitosis. 
A mathematical representation of the granulopoietic model 
was based on the following assumptions: 
(1) When ^H-Tdr is available for a brief period of time only 
cells in DNA synthesis will be labeled. Therefore, cells 
in the DNA synthesis stage within the proliferating pool 
take up the label. Cells in the nonproliferating pool 
do not take up the label. 
(2) Cells in the myeloblast and progranulocyte compartments 
and third-generation neutrophilic myelocytes leave their 
respective compartments by heteromorphogenic division. 
First- and second-generation myelocytes move respectively 
to second- and third-generations by homomorphogenic 
division. 
(3) The number of labeled cells in each compartment at any 
time (t), after the initiation of the procedure by pulse 
labeling with ^H-Tdr, can be related as follows: 
(a) The number of labeled myeloblasts (A^) = the number 
originally labeled minus those leaving the compart­
ment by heteromorphogenic division. 
(b) The number of labeled progranulocytes (A^) = the 
number originally labeled, plus those arriving from 
heteromorphogenic division of A-, cells minus those 
leaving the compartment by heteromorphogenic divi­
sion. 
11^ 
The number of labeled first-generation neutrophilic 
myelocytes (B^) = the number originally labeled, 
plus those arriving by heteromorphogenic division 
of Ag cells minus those leaving the first-generation 
by homomorphogenic division. The number may be en­
hanced by an additional mitosis within the first 
generation. 
The number of labeled second-generation neutrophilic 
myelocytes (Bg) = the number originally labeled, 
plus those arriving by homomorphogenic division of 
B^ cells minus those leaving the second-generation 
by homomorphogenic division. 
The number of labeled third-generation neutrophilic 
myelocytes (By) = the number originally labeled, 
plus those arriving by homomorphogenic division of 
Bg cells minus those leaving the compartment by 
heteromorphogenic division. 
The number of labeled neutrophilic metamyelocytes 
(C) = the number arriving from heteromorphogenic 
division of B^ cells minus those leaving the compart­
ment by maturation. 
The number of labeled band neutrophils (D) = the 
number arriving from maturing C cells, minus those 
leaving the compartment by maturation and minus those 
being released to peripheral blood. 
The number of labeled segmented neutrophils (E) = 
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the number arriving from maturing D cells minus 
those being released to peripheral blood. 
The above relations can be written in differential form 
over a time interval (dt), by assuming that the change 
in the number of labeled cells in any compartment is pro­
portional to the number itself and to the rate at which 
cells enter the compartment by division or by maturation 
of progenitors. These first-order kinetic equations are 
as follows: 
dA-, 
= -K^A^, where at the time of labeling (t^) = 
a number, A°, 
dAp 
= 2K^A^-K2A2' where Ag (t^) = a number, Ag, 
dB. . 
gig- = ZKgAg-K^B^f+R^B^), where = a number, 
^2 o 
= ZK^B^-K^Bg, where Bgft^) = a number, Bg, 
dB. 
where = a number, B^, 
II = 2K^B^-KgC, where Cit^) = 0, 
= K^C-KyD-EgD, where Dft^) = 0, 
II = KyD-KoE, where E(t^) = 0. 
In these equations: 
= the rate constant for the additional first-generation 
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neutrophilic myelocyte, hours 
Rg = the rate constant for release of band neutrophils 
to the blood, hours 
= the rate constant for the ith generation or com­
partment, hours 
t = time, hours. 
A, B, C, D and E = the number of labeled cells in their 
respective compartments of granulopoiesis. 
In this model the rate constants, K^, represent the in­
verse of the mean transit times of labeled cells in each 
compartment. These first-order kinetic equations are 
comparable to those used to describe chemical enzyme 
kinetics (e.g., White e_t , 1968), radioactive decay 
and other first-order processes which occur in nature. 
They also form the basis for cell population analysis 
(Poerster, 1959). 
The number of labeled cells, changing with time, in each 
compartment of granulopoiesis was recorded by solving the 
first-order kinetic equations with the aid of an analog com­
puter.^ Adjustment of the rate constants allowed for an at­
tempted simulation of the experimental observations obtained 
in the autoradiographic study of granulopoiesis in cats. Once 
the best possible simulation was attained with the model, the 
^Model TR-48, Electronics Associates Industries, Prince­
ton, New Jersey. 
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rate constants were converted to estimates of the mean transit 
times of labeled cells through the various generations and 




Autoradiograms of ^H-Tdr labeled cells characteristic 
of each cytologic compartment of granulopoiesis are illus­
trated in Plate 1. Differentiation of these cells was based 
on the descriptions of granulopoietic precursors given by 
Schalm (1965). Cells in the myeloblast and progranulocyte 
compartments, which are differentiated primarily on nuclear 
characteristics, could not be separated. This difficulty was 
due to the unnatural staining qualities of cells in autoradio­
grams and to the presence of silver grains, which obscured 
nuclear characteristics of labeled cells. However, cytoplasmic 
characteristics allowed differentiation of these cells from 
neutrophilic myelocytes. Nuclear shape, cell size, and cyto­
plasmic characteristics were sufficient to differentiate cells 
of the other cytologic compartments. 
Heavily labeled cells were easily identified. However, 
silver grains were counted over more lightly labeled cells; 
the cells were considered to be labeled if these counts ex­
ceeded that of a comparable area free of cells (background) 
on the autoradiogram. 
Blood granulocyte counts In all cats during the study 
The mean, absolute, circulating granulocyte counts for 
the control and endotoxin-treated groups and the individual 
Plate 1. Autoradiograms of %-Tdr labeled cells charac­
teristic of each cytologic compartment of 
granulopoiesis : 
A = myeloblast-progranulocyte 
3 = neutrophilic myelocyte 
C = neutrophilic metamyelocyte 
D = band neutrophil 




counts for the lymphosarcoma and myelofibrosis cats are pre­
sented in Figure 20. In the control group, granulocyte counts 
exceeded normal values from 2 through 50 hours after adminis­
tration of ^H-Tdr. During this time band neutrophils increased 
in number; band/segmented neutrophil ratios were about 1:4. 
Thereafter, the number of band neutrophils returned toward 
normal values; normal band/segmented neutrophil ratios in cats 
are about 1:75 (Schalm, 1965). Presumably, the neutrophilic 
response in the control cats occurred from stress induced by 
repeated handling during the bone marrow collection procedures. 
The neutrophil response in endotoxin-treated cats (Figure 
20) was similar to that observed in endotoxin-treated cats 
used in the blood granulocyte study; furthermore, the systemic 
reaction was also similar to that previously described. The 
band/segmented neutrophil ratios determined in these cats were 
about 1:10 at O.5 hours, 1:2 at 2 hours, 1:7 at 12 hours, and 
1:20 through 120 hours after ^H-Tdr labeling. Therefore, the 
increased number of band neutrophils coincided with the ob­
served rise in total granulocyte counts in these cats. 
In the lymphosarcoma cat the granulocyte count exceeded 
normal values only at 60 hours after ^H-Tdr injection (Figure 
20), but band/segmented neutrophil ratios were about 1:10 for 
the duration of the study. 
The myelofibrosis cat remained neutropenic throughout 
most of the study with granulocyte counts elevating to normal 
values at 2 sampling periods (Figure 20). However, band/ 
Figure 20. The sean, absolute, circulating granulocyte 
counts during the 120 hour - bone marrow 
sampling period following in vivo labeling 
with ^H-Tdr in the control and endotoxin 
treated groups (Top); granulocyte counts 
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HOURS AFTER ^H-THYMIDINE INJECTION 
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segmented neutrophil ratios were consistently about 1:2, in 
addition, a few metamyelocytes and myelocytes were observed 
in the blood of this cat during the study. 
Distribution of labeled cells in the bone marrow 
Control group of cats The mean and range of normal­
ized numbers of labeled cells determined at each sample time 
3 
after H-Tdr injection for the control group may be seen in 
Table 9* Casual observation of these numbers reveals the 
general progression of the label through the catenated compart­
ments of granulopoiesis with time. Labeled myeloblasts and 
progranulocytes were few in number and declined until they 
were no longer observed at 24 hours. Labeled myelocytes were 
prevalent in the initial sample at 0.5 hours, and the number 
steadily declined with time until disappearing at 96 hours 
after ^H-Tdr injection. Note that the number of labeled meta­
myelocytes was substantial at the first sampling, increased 
until 12 hours and decreased thereafter. As the number of 
labeled metamyelocytes declined, the number of labeled band 
neutrophils increased. However, a similar relationship between 
band and segmented neutrophils, although present, was less 
dramatic. The number of labeled segmented neutrophils was 
quite low, appearing at the time the peak number of band 
neutrophils was observed. 
Endotoxin-treated grouo of cats The mean and range 
of normalized numbers of labeled cells determined at each 
Table 9« Mean and. range of normalized numbers of labeled 
myeloblasts-progranulocytes (A), neutrophilic 
myelocytes (B), neutrophilic metamyelocytes (C), 
band neutrophils (D), and segmented neutrophils 
(E) in 4 control cats following vivo pulse 
labeling with 3H-thymidine 
Hours after 
0.5 2 6 12 
A 
Mean 2.5 1.6 0.7 0.3 
Range 1.8-3.9 1.0-1.9 0-1.1 0-0.8 
B 
Mean 15.I 15.6 11.3 11.9 




Mean 8.8 14.4 12.9 17.1 
Range 6.6-13.4 9.O-I8.8 12.3-13.6 11.7-19.9 
Mean 0 0 1.4 5.5 
Range 0-4.0 0-4.0 2.5-7.4 





24 36 48 72 96 120 
0 0 0 
5.1 6.1 3.3 
2.6-6.6 1.5-9.1 2.5-6.7 
12.8 10.9 11.8 
9.5-18.5 5.8-17.5 9.4-15.7 
10.4 12.4 18.3 
4.3-22.4 5.2-23.3 11.5-25.0 
0 0 0.3 
0—1 « 0 
0 0 0 
1.5 0 0 
0-2.9 
7.2 0.4 0.2 
2.0-10.9 0-1.6 0-0.7 
12.7 5.5 5.0 
7.6-21.6 1.8-8.8 1.8-8.5 
2.9 3.6 2.4 
1.2-6.3 0.8-10.6 0.9-3.7 
127 
sample time for endotoxin-treated cats are presented in 
Table 10. The general progression of labeled cells through 
the cytologic compartments was similar to that observed for 
the control group, but subtle differences are notable. The 
numbers of labeled neutrophilic myelocytes and metamyelocytes 
decreased with time at faster rates than that observed for 
the control group. Furthermore, labeled band and segmented 
neutrophils each appeared earlier in the sampling sequence 
of endotoxin-treated cats. 
Lymphosarcoma cat The normalized numbers of labeled 
cells in each cytologic compartment at each sample time in 
the lymphosarcoma cat are listed in Table 11. The most marked 
differences in the data from that of the control group were 
the delayed appearance and smaller number of band neutrophils 
in this cat. The appearance and disappearance of labeled 
cells in A, B, and C compartments were comparable to that 
of the control group. 
Myelofibrosis cat Normalized numbers of labeled 
cells in each compartment of granulopoiesis at each sample 
time in the myelofibrosis cat may be seen in Table 12. In 
this cat, greater numbers of labeled cells were observed in 
the B, C, D, and E compartments. Labeled neutrophilic myelo­
cytes remained prevalent throughout the study decreasing 
only at the 96 and 120 hour sampling times. Labeled neutro­
philic metamyelocytes increased sharply in the first 24 hours, 
but unlike the control cats, the number did not decline as 
Table 10. Mean and range of normalized numbers of labeled 
myeloblasts-progranulocytes (A), neutrophilic 
myelocytes (B), neutrophilic metamyelocytes (C), 
band neutrophils (D) and segmented neutrophils 
(E) in 3 endotoxin-treated cats following ^  vivo 
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24 36 48 72 96 120 
0 
3.5 2.1 1.1 
2.6-4.4 0.6-3.6 0.8-1.4 
0.4 
0-1.2 
0 . 2  
0-0.7 
12.7 8.9 4.6 2.9 0 0 
10.8-14.6 8.2-9.7 3.8-5.4 1.6-3.6 
23.6 13.5 10.4 9.6 1.9 1.2 
16.5-30.8 9.8-17.2 8.2-12.7 3.2-14.3 0-3.4 1.1-1.3 
0.3 0.8 2.3 1.0 2.1 
0-0.6 0.6-1.1 1.3-4.2 0.5-1.8 1.0-4.0 
Table 11. Normalized numbers of labeled rayeloblasts-progranulocytes (A), neutro­
philic myelocytes (B), neutrophilic metamyelocytes (G), band neutrophils 
(D) and segmented neutrophils (E) In the lymphosarcoma cat following 
In vivo pulse labeling with ^H-thymldlne 
Hours after H-thymldlne Injection 
0.5 2 6 12 24 36 48^ 72 96 120 
A 2,6 1.0 2.6 1.3 0 0 0 0 0 
B 16.5 10.4 26.2 9.4 10.7 5.9 0 0 0 
C 17.0 11.5 18.6 6.6 28.0 3.6 3.3 2.2 0 
D 0 0 0 0 0 1.6 3.4 2.3 0.8 
E 0 0 0 0 0 0 1.0 1.9 2.0 
®No data available for the 48 hour sample due to technical problems. 
Table 12. Normalized numbers of labeled myeloblasts-progranulocytes (A), neutro­
philic myelocytes (B), neutrophilic metamyelocytes (C), band neutrophils 
(D), and segmented neutrophils (E) in the myelofibrosis cat following 
in vivo pulse labeling with ^H-thymidlne 
Hours after ^H-thymldlne Injection 
0.5 2® 6 12 24 36 48 72 96 120 
A 3 20. 7 0  0  0  0  0 0  
B 22.5 22.3 23.7 29.4 23.5 14.1 20.8 11.7 2.5 
C 10 10.2 18.6 25.3 19.3 26 36.2 26 28 
DO 0 0 5.8 4.4 12.5 30 8.5 15 
E 0 0 0 0 0 9.2 30.8 4.8 0 
^No data available for the 2 hour sample due to technical problems. 
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rapidly thereafter. The number of labeled band neutrophils 
increased sharply from 24» to 72 hours and then declined. 
Labeled segmented neutrophils increased dramatically from 
48 to 72 hours and then the number decreased. 
The greater numbers of labeled cells observed in the 
bone marrow autoradiograms of the myelofibrosis cat were 
indicative of granulocytic hyperplasia. Therefore, histo­
logical sections of midshaft femur marrow were prepared fol­
lowing necropsy for confirmation of the antemortem lesion 
diagnosis. The histological appearance of the bone marrow 
in this cat, compared to that of a clinically and hematolog-
ically normal cat of the same age, 5 years, may be seen in 
Plate 2. Pathologic alterations seen in the bone marrow of 
the myelofibrosis cat included erythrocytic, granulocytic 
and megakaryocytic hyperplasia, decrease in normal fat depo­
sition and increase in intercellular proteinaceous substances 
and reticulin fibers. Some increase in fibrous connective 
tissue surrounding blood vessels was also noted. Other le­
sions in this cat were acute, septic, frontal sinusitis, 
splenic infarction, and extramedullary hematopoiesis in the 
spleen. 
Emergence times of labeled band and segmented neutrophils 
in the blood 
The emergence times of labeled band and segmented neutro­
phils in the blood for the control group (mean values), the 
endotozin-treated group (mean values), the lymphosarcoma 
Plate 2. Histological appearance of midshaft femur marrow 
in the myelofibrosis cat. Comparison with that 
from a clinically and hematologically normal 
cat 
A = normal cat, hematoxylin and eosin Y 
stain 
B = normal cat, Gomori's reticulum stain 
C = myelofibrosis cat, hematoxylin and 
eosin Y stain 





cat and the myelofibrosis cat may be seen in Table 13. The 
appearance of labeled band neutrophils preceded that of seg­
mented neutrophils in all subjects except the myelofibrosis 
cat. The emergence times in the latter cat and the endotoxin-
treated cats were shortened as compared to the control group. 
Comparison of Model Output and Experimental Observations 
The number of labeled cells, changing with time, in each 
cytologic compartment of granulopoiesis was recorded by solv­
ing the first-order kinetic equations, which had been written 
to describe the hypothetical model. The model outputs for 
myeloblasts and progranulocytes were summed in order to simu­
late the experimental observations. In like manner, the 
model output for the myelocyte compartment was a summation 
of that for each myelocyte generation, which allowed for com­
parison with the experimental observations. This summation 
of information from the kinetic equations did not preclude 
calculation of individual transit times for myeloblasts, 
progranulocytes and each myelocyte generation. 
The model output was recorded with time on plots which 
contained the experimentally derived normalized numbers of 
labeled cells. The various rate constants and the initial 
conditions, i.e., the probable numbers of initially labeled 
myeloblasts, progranulocytes and myelocytes, were adjusted 
until the best possible simulation of the experimental ob­
servations could be attained. 
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Table 13• Emergence times of labeled band and segmented 
neutrophils In^the blood following 3^ vivo pulse 
labeling with -^H-thymidine for cats in the control 
group (mean values), the endotozln-treated group 
{mean values), the lymphosarcoma cat and the 
myelofibrosis cat 

















Plots, which resulted from the above procedure, were 
prepared for the control group of cats (Figure 21), the endo­
toxin-treated group of cats (Figure 22), the lymphosarcoma 
cat (Figure 23), and the myelofibrosis cat (Figure 24). The 
experimental data in these plots were those listed in Tables 
9, 10, 11, and 12 for the respective groups and individual 
cats. The experimental mean and range of values for the 
control group and the endotoxin-treated group are represented 
as vertical bars at appropriate times in their respective 
plots. 
Figure 21. Comparison of model output and experimental observations for the 
control group following vivo pulse labeling with ^H-thymldlne. 
Lines labeled A, B, C, D and E = model output for respective 
cytologic compartments. Vertical bars = experimental mean and 
range of data for 4 cats In the control group 
Myeloblast Progranulocyte= A 
Neutrophilic Myelocytes B 
22- Neutrophilic Metamyelocyte^ 22-
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Figure 22. Comparison of model output and experimental observations for the 
endotoxln-treated group following vivo pulse labeling with 
3H-thymidlne. Lines labeled A, B, C, D and E = model output for 
respective cytologic compartments. Vertical bars = experimental 
mean and range of data for 3 cats in the endotoxin-treated group 
Myeloblast Progranulocyte= A 
Neutrophilic Myelocyte= B 
Neutrophilic Metamyelocyte» ( 
80 120 






Segmented Neutrophil= E 
HOURS AFTER -THYMIDINE INJECTION 
Figure 23. Comparison of model output and experimental observatlons_for the 
lymphosarcoma oat following ^  vivo pulse labeling with ^H-thymidine. 
Lines labeled A, B, C, D and E = model output for respective cyto­
logic compartments 
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HOURS AFTER 3H-THYMIDINE INJECTION 
Figure 24. Comparison of model output and experimental observations^for the 
myelofibrosis cat following jjn vivo pulse labeling with ^H-thymidine. 
Lines labeled A, B, C, D and E = model output for respective cyto­
logic compartments 
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The final rate constants which resulted from the simu­
lation of the experimental observations shown in Figures 21-
24 were converted to estimates of the mean transit times of 
labeled cells through the various generations and compartments 
of granulopoiesis. The above values and the proliferating 
pool transit time, the nonproliferating pool transit time 
and the total marrow transit time are listed for the control 
and endotoxin groups of cats, the lymphosarcoma cat and the 
myelofibrosis cat in Table l4. 
Note the similarity of total marrow transit times re­
corded in this table. The transit times require further 
comment. The population of myeloblasts, from which the 
myeloblast compartment transit time was estimated, was in 
its DNA synthesis stage when labeled. Therefore, the esti­
mated transit time for this compartment is an average time 
from initial labeling until the cells leave the compartment 
by heteromorphogenic division into the progranulocyte com­
partment. Thus the estimated myeloblast transit times given 
in Table l4 should be shorter than the true compartment tran­
sit times. 
The labeled cells which populated progranulocyte and 
myelocyte compartments were of 2 types: (1) those in their 
DNA synthesis stage when initially labeled, which contributed 
short cell cycle times to the average transit times and (2) 
those entering the compartments as labeled cells from pre­
cursor generations, which contributed complete cell cycle 
Table l4. Estimated mean generation or compartment transit 
times, proliferating pool transit times, nonpro-
liferating pool transit times and total transit 
times of labeled granulopoietic cells in the bone 
marrow of cats. Estimates based on rate con­
stants for first-order kinetic equations used to 
simulate experimental observations for control 
cats, endotoxin-treated cats, the lymphosarcoma 




1st generation myelocyte 
1st generation myelocyte^ 
2nd generation myelocyte 
3rd generation myelocyte 




Total - nonproliferating pool 















^Additional 1st generation myelocyte as defined in 
model. 
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Transit times: Transit times: Transit times: 
Endotoxin-treated 


































128.0 131.9 117.0 
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times to the average transit times. Therefore, the estimated 
mean transit times for progranulocytes and first, second, and 
third generation myelocytes listed in Table 14 should also 
be shorter than the true transit times, but by a lesser mag­
nitude than that for myeloblasts. 
The mean compartment transit times estimated for meta­
myelocytes and band and segmented neutrophils are true esti­
mates within the limits of the model. • All labeled cells 
populating these compartments were labeled prior to entering 
the nonproliferating pool. 
The rate of release of band neutrophils from the bone 
marrow to the blood in the first-order kinetic equations) 
for each group or individual cat was: control group, Rg = 
0.15 hours endotoxin-treated group, Rg = 0.293 hours 
lymphosarcoma cat, Rg = 3.6l hours and myelofibrosis cat, 
Rg = 0.937 hours These constants reflect the rate at 
which immature neutrophils were being released to the blood, 
1.e., band neutrophils were being released at a rapid rate 
from the bone marrow of the lymphosarcoma cat and at a much 




The model of granulopoiesis (Figure 19) was adequate 
to describe the kinetic events of granulocyte production 
and maturation in cats exemplified in Figures 21, 22, 23, 
and 24. Simulation of the experimental observations, i.e., 
the change in numbers of labeled cells with time, may have 
been possible with other combinations of rate constant values. 
Constraints, both inherent and imposed on the model, were 
adopted in order to comply with current concepts of granulo­
poiesis . 
One constraint, inherent in the model, was the number 
of generations in the proliferating pool. The myeloblast and 
progranulocyte compartments were limited to one generation 
each and the myelocyte compartment was defined as having 3 
generations. A potential for increasing granulocyte produc­
tion was considered to reside within the first myelocyte gen­
eration, in which an additional division could occur by short­
ening the generation time. These basic assumptions agree with 
current concepts of granulopoiesis (Cronkite and Vincent, 1970; 
Osgood, 1970; Athens, 1969) and inherently restrict the poten­
tiality of the model. 
The order of magnitude of the rate constant values was 
restricted in order to comply with existing knowledge of cell 
cycle and subcycle stage durations for granulocyte precursors. 
The duration of DNA synthesis, reported to be about 13 to 14 
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hours in man (Stryckmans et , I966; Vincent et , 1969) 
and about 7 hours in the dog (Maloney et a^., 1962), and the 
durations of Gg M stages were considered to be limiting 
factors with respect to the rate at which cells could progress 
from one generation to the next. Therefore only those com­
binations of rate constant values, which provided for realis­
tic compartment transit times, as well as simulating the ex­
perimental data, were allowed in manipulation of the model. 
Another constraint inherent in the model was the fact 
that the output from each first-order kinetic equation was 
influenced by a rate constant in the preceding equation. 
Changing a rate constant to produce a better simulation of 
results in a given compartment also produced a compensatory 
change in the output for a following (or a preceding) compart­
ment. This effect naturally limits the potentiality of the 
model. However, the number of cells in a given compartment 
at any time is influenced by the rates at which cells enter 
or leave the compartment. The constraint on the model is un­
avoidable since this is a fundamental property of renewing 
cell populations. 
Thus, the substantiality of this model is greatly en­
hanced by the fact that the kinetic aspects of granulopoiesis 
in differing physiopathologic states were adequately explained 
within the limits of the inherent and imposed constraints. 
Establishing the substantiality of the model of granulopoiesis 
in cats permitted more detailed interpretation of the kinetic 
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parameters derived in this study. 
Small changes in rate constants and initial conditions, 
i.e., the numbers of Initially labeled cells in the prolifer­
ating compartments, were sufficient to account for the differ­
ences in flux of granulopoietic cells through the bone marrow 
of cats with differing physiopathologic states. The total 
marrow transit times in these cats were quite similar (Table 
14). This overall parameter represents the average transit 
time from myeloblasts preparing to divide, through the sequen­
tial compartments to the time when segmented neutrophils are 
released to the blood. The fact that this time parameter was 
within a narrow range in cats with dissimilar systemic states 
is a matter for conjecture. 
The total marrow transit time may represent an obligatory 
maturation time for granulocytes in the bone marrow of cats. 
Maturation does occur in both proliferating and nonprolifera-
ting pools of the granulocyte renewal system. Cronkite and 
Vincent (1970) have proposed that a minimum obligatory transit 
time through the metamyelocyte and band neutrophil compart­
ments may occur. They explained that an obligatory transit 
time dictates the maximum flux of cells which can be sustained 
through these compartments without increasing the size of the 
compartments. Furthermore, maturation is believed to place 
a natural limitation on the transit time through the myelocyte 
compartment (Cronkite and Vincent, 1970; Cronkite and Fliedner, 
1964). Therefore an obligatory total marrow transit time 
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would limit the maximum flux of granulopoietic cells through 
the bone marrow unless the numbers of cells within the various 
compartments were caused to increase, or unless the relative 
distribution of cells among the compartments could change. 
An implication of this suggestion is that, for the situ­
ations studied, a sustained, increased peripheral demand for 
cells must be accommodated by an expansion of the granulopoi­
etic population and not by a decrease in the maturation time. 
This does not preclude the fact that a sudden, increased de­
mand for cells in the periphery could be met by release of 
bone marrow granulocyte reserves, e.g., band neutrophils or 
even metamyelocytes. Further elucidation of the matter may 
be enhanced by evaluation of the kinetic parameters of granu­
lopoiesis in cats with experimentally-induced, sustained, 
systemic or localized suppurative disease. 
A satisfactory model of granulopoiesis must account for 
the early appearance and rapid rise in the number of labeled 
metamyelocytes (Tables 9, 10, 11, and 12). This phenomenon 
has been reported by others (Cronkite and Vincent, 1970; Patt 
and Maloney, 1964; Warner and Athens, 1964). Most workers 
propose models with serial divisions at the myelocyte level 
to account for this observed efflux into the nonproliferating 
pool. 
Patt and Maloney (1964), who proposed a myelocyte com­
partment with 2 serial divisions in the dog, noted a produc­
tion of proliferating cells which was greater than the flow 
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of cells into the metamyelocyte compartment, A similar phe­
nomenon was not observed in this study. To the contrary, 
the observed early appearance and rapid rise in the number 
of metamyelocytes was difficult to simulate using the model 
with 3 serial myelocyte divisions. However, consideration 
of possible proportions and cell cycle times of the 3 myelo­
cyte generations led to a successful simulation of the efflux 
into the metamyelocyte compartment. 
The computer was programmed with the total number of 
myelocytes initially labeled. (The value was extrapolated 
from the observed number at 0.5 hours after ^H-Tdr injection.) 
This number was then proportioned unequally among the 3 myelo­
cyte generations, with the third generation receiving the 
majority and the first receiving the least of the cells which 
comprised the total. The corresponding rate constants for 
each myelocyte generation were adjusted to provide for a long 
cell cycle time in the first and progressively shorter times 
in the second and third myelocyte generations. This combina­
tion of initial conditions and rate constants results in an 
output which successfully simulated the early appearance and 
rapid rise of cell numbers into the metamyelocyte compartment 
(Figures 21, 22, 23, and 24). 
One would naturally expect a larger number of labeled 
cells in successive myelocyte generations since the cells are 
dividing and hence multiplying as they progress through the 
chain. The result is an unequal proportioning in the three 
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generations. This effect is amplified by the progressively 
shorter transit times in the sequential myelocyte generations. 
The calculated transit times for each myelocyte generation 
tend to reflect the initial combination of conditions (Table 
14) whereby the first myelocyte generation transit time was 
usually longer than that of the second or third generations. 
The granulocyte renewal system is often subject to in­
creased demand for cells and any kinetic model of granulo­
poiesis must account for this potential. Cronkite and Vincent 
(1970) have calculated that the stage of neutrophilic mye­
locytes in man is about 3 times longer than the DNA synthesis 
time. They propose that the stage may shorten to allow up 
to 2 extra divisions within the myelocyte compartment before 
maturation or maturation products inhibit further division. 
In this study the model was defined with an additional 
division before cells mature beyond the level of first genera­
tion myelocytes (Figure 19). This could account for an in­
creased production of cells. One way that this could occur 
would be a shortening of the G^ stage of first generation 
myelocytes, thereby allowing an additional division within 
a similar total length of time. The model was not adequately 
tested with respect to this potential since the data from the 
control and endotoxin-treated groups and the lymphosarcoma 
cat could be simulated without the additional myelocyte divi­
sion (Table 14). Although all of these cats had brief periods 
of neutrophilia (Figure 20) and immature cells were observed 
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in their blood, the model of granulopoiesis, excluding the 
additional myelocyte division, adequately accounted for their 
granulocyte needs (Figures 21, 22, and 23). 
The additional myelocyte division was necessary to simu­
late the data for the myelofibrosis cat (Table 14). The clin­
ical syndrome and histopathologic lesions (Plate 2) in this 
cat were similar to that described for myelosclerosis with 
myeloid metaplasia, a myeloproliferative disease in man 
(Rappaport, 1966). The disease in man is characterized by 
a progressive unrestrained proliferation of one or more cellu­
lar constituents of the bone marrow; occasionally individuals 
are leukopenic, which was the case in the myelofibrosis cat 
(Figure 20). 
The developing sclerosis around blood vessels and the 
increase in intercellular substances in the bone marrow of 
this cat may have deterred the release of segmented neutro­
phils into the blood. Flledner et (1964a) suggested this 
as a possibility to explain the decreased rate of appearance 
of ^H-Tdr labeled granulocytes into the blood of a human 
patient with myelofibrosis. If the release of granulocytes 
was impeded in this cat, the estimated average transit time 
for marrow segmented neutrophils should have been prolonged. 
This time was twice that for the control cats (Table 14), 
but the total-nonprollferating pool transit time (Table 14) 
was shorter than that for the control group. A plausible 
explanation for this apparent inconsistency may be that intra-
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marrow death of cells was occurring in the nonproliferating 
pool. However, no evidence to support this suggestion was 
found. 
The results for the endotoxin-treated group require fur­
ther comment. The proliferating pool transit time was short­
ened and that for the nonproliferating pool was lengthened, 
as compared to the estimates for control cats (Table 14). 
This implies that a single endotoxin injection may result 
in an increased mitotic rate, but only to replenish depleted 
bone marrow granulocyte reserves. The fact that endotoxin 
causes an increased rate of granulocyte release from the bone 
marrow was illustrated and discussed in Part I of this study. 
Herion et al. (I965) demonstrated in rabbits that endotoxin 
causes this release into the circulation independent of any 
effect on mitosis. They further noted an increase in marrow 
cellularity accompanying induction of tolerance by multiple 
injections of endotoxin, which occurred in face of a decrease 
in the postmitotic granulocyte pool. This indicated an in­
crease in the number of cells in mitotic pool. 
Presumably, the granulocyte reserve in the bone marrow 
of the endotoxin-treated cats was somewhat depleted during 
the period when the circulating granulocyte count was rising 
(Figure 20). Following this, when circulating counts returned 
toward normal, the movement and production of granulocytes 
in the bone marrow reflected an effort in restoration of the 
depleted reserve. Therefore, any increase in mitotic activity 
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of proliferating cells was probably an indirect effect from 
a single exposure to bacterial endotoxin. 
The use of autoradiographic techniques and analysis of 
data with the model of granulopoiesis in cats treated with 
endotoxin could lead to further elucidation of the mechanisms 
whereby granulocyte production is increased or decreased. 
This could be accomplished by injecting endotoxin at varied 
times, both before and after 5^ vivo labeling of granulocyte 
precursors. 
The emergence times of labeled band or segmented neutro­
phils in the blood following 3^ vivo pulse labeling with 
^H-Tdr is taken to be the time from the terminal myelocyte 
generation DM synthesis stage until the cells appear in the 
blood. The values for these times, given in Table 13» are 
subject to error because of the rather long sampling intervals 
which were used (about 12 hours). However, several ideas with 
respect to movement of cells through the nonproliferating pool 
and subsequent release from the bone marrow may be suggested. 
The emergence times of segmented neutrophils for the 
control group and the lymphosarcoma cat (Table 13) are in 
fair agreement with their respective estimated average transit 
times (Table 14). This indicates that after the final divi­
sion, cells progress through the nonproliferating pool in an 
orderly manner, with release into the circulation being a 
function of time following entry into the pool. The fairly 
constant circulating granulocyte counts in these cats (Figure 
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20) would indicate that a steady state existed. Maloney and 
Patt (1968) have suggested that movement of cells through 
the nonproliferating pool follows "first in - first out" 
order and further, that the release of cells from the bone 
marrow is not a random process in the normal steady state. 
The findings in the control group and lymphosarcoma cat sup­
port their contention. 
Comparison of the emergence times for labeled band neu­
trophils with transit times for the various compartments in 
the nonproliferating pool of all cats studied (Tables 13 and 
14) reveals no apparent time relationships. This suggests 
that some band neutrophils are released at random from the 
bone marrow. Furthermore, the emergence times for segmented 
neutrophils and nonproliferating pool transit times of the 
endotozln-treated group and the myelofibrosis cat do not 
agree. This implies random release of cells from the bone 
marrow in conditions characterized by a nonsteady state. 
The model of granulopoiesis (Figure 19) was found to be 
adequate to describe the autoradiographic data for cats. How­
ever, the model may be further evaluated and additional kine­
tic aspects of granulopoiesis in cats might be elucidated 
with additional studies. The experimental production of a 
localized or systemic suppurative disorder, in which the peri­
pheral demand for neutrophils would be sustained for several 
days, could provide a condition for testing the hypothetical 
model during sustained, intensified granulopoiesis. Further, 
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more frequent blood and bone marrow samplings in such a study 
may clarify the mechanisms whereby granulocytes move through 
the nonproliferating pool and are released to the blood. 
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CONCLUSION 
Kinetic parameters can be used to describe the sojourn 
of neutrophilic granulocytes from their Inception to their 
death. This experimentation has described the proliferation 
and maturation of granulocytes in the bone marrow, release 
of these cells from that site, and their compartmentalization 
and disappearance from the blood. A proposed model of granu-
Ipipoiesis was used to describe autoradiographic data with 
respect to the movement of cells through cytologic compart­
ments of granulopoiesis. The distribution and half-life of 
blood granulocytes were determined following infusion of 
autologous, ^ H-DFP-labeled granulocytes. 
The data indicate that production of granulocytes in the 
bone marrow of cats requires about 5 days for the physlopatho-
logic states studied. The model of granulopoiesis, defined 
with at least 5 sequential divisions in the proliferating 
pool of cells, was adequate to account for the number of 
labeled granulocyte precursors, changing with time, in both 
proliferating and nonproliferating pools. Further, the data 
Indicate that the total marrow transit time (about 5 days) 
may represent an obligatory maturation time for granulocyte 
production. One implication of this suggestion is that sus­
tained, increased peripheral demand for granulocytes must be 
accommodated by an expansion of the granulopoietic population 
and not by a decrease in the maturation time. However, this 
l6l 
does not preclude the ability for release of immature cells 
from the granulocyte reserve to meet immediate peripheral 
demands. 
The emergence time of labeled segmented neutrophils 
in the blocd was similar to estimates of the nonproliferating 
pool transit time, about 60 to 70 hours, in situations charac­
terized by steady-state conditions. This implies that the 
most mature cells are the first to be released under steady-
state conditions. However, the data indicate that release 
from the tone marrow under nonsteady-state conditions may 
be a random process in cats. 
In the peripheral blood, granulocytes were found to be 
distributed unevenly within the total blood granulocyte pool. 
Approximately 30^  of the blood granulocytes are in the circu­
lating pool in normal, steady-state conditions. Therefore 
the majority of blood granulocytes in cats reside in the 
marginal pool, which by comparison is much larger than that 
previously reported in dog and man. The distribution of cells 
between the circulating and marginal pool depends on the phys-
lopathologic state. This was exemplified by the findings in 
experimentally-induced and naturally occurring blood dys-
crasias in cats. 
The disappearance of labeled granulocytes from the blood 
of cats occurred at an exponential rate which implies that 
granulocytes are lost randomly from the blood. The average 
half-life of the cells was estimated to be 7.^  hours in 
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hematologically normal cats, which is similar to that de­
scribed for dog and man. 
Thus the fundamental values of granulocyte kinetics 
in cats were established in this study. The proposed model 
of granulopoiesis, substantiated by successful simulation 
of experimental observations in cats with differing physio-
pathologic conditions, is suggested for continued application 
in the study of granulopoiesis in many diseases of cats. 
Further, the procedures for evaluating blood granulocyte 
kinetics in cats permitted interpretation of changes which 
occurred as a result of hemorrhagic blood loss. This illus­
trates the potential of the cat, a relatively small laboratory 
species, for research on the intravascular survival and dis­
tribution of neutrophilic granulocytes. 
Toxemic conditions in cats are commonly characterized 
by defective maturation of granulocytes in which giant cells 
with bizarre nuclear shapes and abnormal cytoplasmic granules 
are observed (Schalm, 1965). This phenomenon could be studied 
with the aid of the proposed model of granulopoiesis to eluci­
date the mechanisms by which it occurs. The pathogenesis 
of infectious feline enteritis, with respect to the effect 
of the virus on granulopoiesis, is poorly understood and could 
be further elucidated by evaluating the kinetics of granulo­
poiesis during infection. 
The procedures developed in this study for evaluation 
of granulocyte kinetics in cats could also be applied to 
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research on disease common to all species. Little is known 
about the effects of various environmental pollutants, e.g., 
lead, on granulocyte production, life span and function. 
These effects must be determined in laboratory animals. 




The kinetics of neutrophilic granulocytes were studied 
in 27 cats. Total, circulating, and marginal granulocyte 
pools, half-life of granulocytes and granulocyte turnover 
rate were evaluated in peripheral blood following infusion 
of granulocytes labeled with ^ H-diisopropylfluorophosphate. 
Autoradiographic data collected following 3^  vivo pulse 
labeling of granulocyte precursors with ^ H-thymidine was 
interpreted with the aid of a hypothetical model of granulo­
poiesis. Transit times through the cytologic compartments 
of granulopoiesis were estimated. 
The blood granulokinetic parameters were determined in 
18 cats. These cats were separated into 4 groups which con­
sisted of 5 clinically and hematologically normal cats, 3 
cats treated with bacterial endotoxin, 7 cats with experi­
mentally-induced hemorrhage and 3 cats with naturally occur­
ring blood dyscrasias. Clinical and hematological features 
of the latter 3 cats were: (1) febrile with leukocytosis, 
(2) unexplained leukocytosis and (3) lymphosarcoma with 
neutropenia. 
In the clinically and hematologically normal cats the 
O 
mean total blood granulocyte pool was 28.86 x 10 granulocytes 
per Kg of body weight. These granulocytes were unequally 
distributed with only about 30% of the cells accountable 
in the circulating pool. The mean half-life of blood granule-
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cytes was 7.4 hours and the mean granulocyte turnover rate 
Q 
was 64.97 z 10 granulocytes per Kg of body weight per day 
in the normal cats. 
Bacterial endotoxin produced a neutropenia characterized 
by margination of circulating granulocytes and a normal total 
blood granulocyte pool within 1 to 2 hours after administra­
tion. Following the initial neutropenic phase, the circula­
ting, and marginal pools increased and the granulocyte turn­
over rate increased. 
The effects of hemorrhage on blood granulocyte kinetics 
were interpreted to be a manifestation of significant loss 
of erythrocytes, which are of more immediate concern to life 
than neutrophilic granulocytes. The granulokinetic changes 
were characterized by an increased marginal granulocyte pool, 
a prolonged half-life and a decreased granulocyte turnover 
rate. These changes were induced by removing 7 to 8^  of the 
blood volume in excess of routine sample volumes during an 
8 to 10 hour period before infusion of labeled granulocytes. 
Evaluation of the blood granulocyte kinetic parameters 
in the 3 cats with naturally occurring blood dyscrasias did 
not give conclusive evidence with respect to the mechanisms 
which underly neutrophilic or neutropenic responses. However, 
the changes reflect the sensitivity of the procedures for 
further research on the intravascular survival and distribu­
tion of neutrophilic granulocytes in cats. 
Autoradiographic analysis of granulopoiesis was conducted 
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on 4 clinically normal cats, 3 cats treated with bacterial 
endotoxin, 1 cat with lymphosarcoma and 1 cat with a myelo­
proliferative disease characterized by myelofibrosis and 
hyperplasia of hematopoietic tissues. 
A hypothesized model of granulopoiesis was defined. 
Myeloblast and progranulocyte compartments were represented 
as being populated with cells having one generation in each 
compartment. The neutrophilic myelocyte compartment was de­
fined as being populated with cells having 3 serial genera­
tions before entering the nonproliferative compartments; 
the majority of neutrophilic myelocytes were considered to 
be third generation myelocytes; cell cycle times were con­
sidered to be longest in first generation and shortest in third 
generation myelocytes. Neutrophilic metamyelocytes, band and 
segmented neutrophils completed the catenated compartments of 
granulopoiesis defined in the model. 
First-order kinetic equations, based on the model of 
granulopoiesis, were solved with the aid of an analog com­
puter in order to simulate data from the autoradiographic 
analyses. The model was adequate to describe the kinetics 
of granulopoiesis in the cats with differing physiopathologic 
conditions. Compartment transit times were estimated from 
the first-order kinetic rate constants. The range of total 
transit times, from the DNA synthesis stage of myeloblast 
cells to ultimate release of segmented neutrophils from the 
bone marrow was 117 to 131.9 hours for the physiopathologic 
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states encountered in the study. Emergence time of labeled 
segmented neutrophils in the blood was in agreement with 
estimated transit time through the nonproliferating pool 
in steady state conditions, which was interpreted to imply 
first in - first out order for cells leaving the bone marrow. 
In nonsteady state conditions the release of granulocytes 
from the bone marrow was interpreted to be a random process. 
The successful simulation of data supports the conten­
tion that the proposed model of granulopoiesis is an adequate 
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Table 15* Body weight (Kg), blood volume (BV), circulating 
granulocyte count at zero time (Gto), specific 
activity of infused granulocytes (SAInfG), number 
of granulocytes infused (NoInfG), specific activity 
of granulocytes at zero time (SAGtn) and slope of 
granulocyte disappearance curve (b; for hemato-
logically normal cats 
Cats 
Data 12N 13N l4N 18N 26N 
Kg 2.13 4.54 2.42 3.58 2.27 
BV(ml/Kg) 64 72 61 71 70 
GtgfzlO^ /ml) 13.45 14.79 11.57 9.84 6.64 
SAInfG(CPM/IO^ G) 6675 10784 7839 7937 7622 
NoInfG(xlO^ ) 122.0 149.6 155.2 92.8 124.7 
8AGto(CPM/10*G) 129.2 84.0 138.6 55.6 244.8 
b 
-0.0335 -0.0315 -0.0459 -0.0580 -0.0461 
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Table l6. Body weight (Kg), blood volume (BV), circulating 
granulocyte count at zero time (Gt.), specific 
activity of infused granulocytes (SAInfG), number 
of granulocytes infused (NoInfG), specific activity 
of granulocytes at zero time (SAGtç) and slope of 
granulocyte disappearance curve (b) in cats treated 
with bacterial endotoxin 10 hours before pool size 
determination time 
Data 23E 24E 29E 
Kg 1.72 1.31 1.46 
BV(ml/Kg) 74 87 77 
Gt^ (xloVml) 4.37 21.25 33.81 
SAInfG(CPM/IO^ G) 5560 4946 5222 
MoInfG(xlO^ ) 61.2 116.9 232.1 
SAGt^ (CPM/10^ G) 70.6 53.9 134.6 
b 
-0.0383 -0.0292 -0.0371 
Table 17. Body weight (Kg), blood volume (BV), circulating granulocyte count at 
zero time (Gt^ ), specific activity of infused granulocytes (SAInfG), 
number of granulocytes infused (NoInfG), specific activity of granulo­
cytes at zero time (SAGt^ ) and slope of granulocyte disappearance curve 
(b) in cats in which the effects of hemorrhage on blood granulocyte 
kinetics were studied 
Data 15H 19H 21H 
Cats 
27H 28H 32H 33H 
Kg 2.22 1.28 1.48 2.00 2.98 4.20 3.72 
BV(ml/Kg) 63 76 73 74 63 60 57 
GtQ(xlO^ /ml) 11.90 8.07 19.85 8.37 15.16 8.20 6.00 
SAInfG(CPM/IO^ G) 8573 5741 6619 4724 5392 5796 5730 
NoInfG(xlO^ ) 213.3 40.9 165.0 89.5 139.1 92.4 100.5 
SAGtQ(CPM/lO^ G) 157.6 89.6 87.7 100.4 76.9 40.5 47.1 
b 
-0.0186 -0.0613 -0.0075 -0.0624 -0.0366 -0.0059 -0.0243 
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Table 18. Body weight (Kg), blood volume (BV), circulating 
granulocyte count at zero time (Gto), specific 
activity of infused granulocytes (SAInfG), number 
of granulocytes infused (NoInfG), specific activity 
of granulocytes at zero time (SAGto) and slope of 
granulocyte disappearance curve (b) in cats with 
naturally occurring blood dyscrasias 
Cats 
Data 16FL 17UL 20Ly 
Kg 1.77 1.65 3.58 
BV(ml/Kg) 67 73 54 
GtgfzlO^ /ml) 36.24 18.36 2.45 
SAInfG(CPM/IO^ G) 6588 8318 4114 
NoInfG(xlO^ ) 580.4 163.4 49.5 
SAGtg(CPM/lO^ G) 574.1 97.2 126.4 
b -0.0409 -0.0269 -0.0056 
